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EXECUTIVE  SUMMARY 


This  document  contains  data  and  analyses  compiled  over  the  last  few  years  to 
support  formulation  of  probability-based  design  criteria  for  surface  ship  structures. 
Specifically,  these  results  pertain  to  fatigue  strength  assessment  of  welded  steel 
structures.  It  is  expected  that  the  information  contained  in  this  report  will  enable  a 
structural  engineer  to  make  educated  assessments  of  fatigue  life,  fatigue  strength,  or 
compare  the  expected  fatigue  behavior  of  a  joint  detail  made  using  one  S/N  (applied 
stress  versus  cycles  to  failure)  curve  versus  another. 

Throughout  this  document,  stress  range  is  assumed  to  be  the  most  significant 
parameter  affecting  fatigue  strength.  The  constant  amplitude  endurance  limit  effect  is 
ignored,  both  from  test  data  and  design  codes.  The  agreement  between  random  test  data 
and  predictions,  based  on  a  single-line  S/N  curve,  is  more  favorable  than  when  the 
endurance  limit  is  included  in  the  predictions.  The  distribution  of  Miner’s  cumulative 
damage  summation  constant  is  shown  to  have  an  average  value  of  unity.  Further,  the  use 
of  a  mean  minus  two  sigma  S/N  curve  is  shown  to  produce  a  conservative  design  against 
fatigue  failures. 

Comparisons  are  made  to  assess  the  relative  fatigue  strength  among  any  of  the 
structural  details  contained  within  this  document,  whether  the  detail  is  characterized  by 
test  data  or  by  a  classification  category  of  a  design  code.  Comparisons  are  made  at  low 
fatigue  lives  (103  cycles),  high  fatigue  lives  (108  cycles),  50%  probability  of  failure 
(mean),  or  2.3%  probability  of  failure  (mean  minus  two  sigma).  All  details  are  ranked  by 
fatigue  strength  from  weakest  to  strongest  to  allow  further  assessments  to  be  made. 
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INTRODUCTION 

The  U.S.  Navy  is  currently  formulating  probability-based  design  criteria  for 
surface  ship  structures.  For  decades,  surface  ship  design  criteria  have  been  based  on  a 
deterministic  approach  that  has  served  the  Navy  well.  Design  against  failure  by  fatigue, 
however,  has  been  implicit,  being  controlled  by  the  level  of  primary  design  stress 
limitations  that  are  tied  to  the  type  of  material  used  in  construction. 

Fatigue,  and  other  aspects  of  the  ship  design  process,  have  been  quite  successfully 
addressed  in  naval  ships,  due  in  part  to  adequate  safety  margins,  quality  of  workmanship 
and  the  use  of  high-quality  steel  and  aluminum  plates  and  scantlings.  The  design  process, 
although  deterministic,  is  also  empirically  based,  having  been  influenced  by  operational 
experience,  measurements,  and  test  data.  Such  an  approach  works  well  for  conventional 
monohulls  but  may  not  necessarily  work  as  well  for  more  contemporary  ship  design 
configurations  or  major  structural  modifications  and  operation  of  existing  ships  that 
deviate  markedly  from  past  trends  and  experience. 

Ship  design  has  gradually  incorporated  probability  and  statistics,  especially  for 
environmental  loadings  and  fatigue  strength.  More  recent  ship  designs  and  structural 
modifications  have  explicitly  addressed  fatigue,  having  been  designed  to  survive  a  given 
service  life  within  a  specified  probability  of  failure.  With  a  more  rigorous  probabilistic 
procedure  being  developed,  the  need  to  characterize  the  strength  and  probability  of 
failure  of  various  details  becomes  necessary. 
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BACKGROUND 


Fatigue  strength  evaluation  has  historically  been  approached  empirically. 
Although  research  continues  at  fundamental  (and  microscopic)  levels,  the  test  specimens 
and  configurations  used  are  typically,  from  a  practical  structural  engineering  point  of 
view,  less  than  useful.  For  structural  design  applications,  especially  those  that  involve 
welding,  fatigue  testing  of  structural  details  remains  the  primary  source  of  strength  and 
endurance  data.  Due  to  the  inherent  variability  associated  with  large  manually  fabricated 
welded  structures,  structural  testing  and  statistical  analysis  comprise  the  most  quantitative 
approach  to  fatigue  strength  at  this  time.  Advances  that  can  readily  be  applied,  tend  to 
come  more  from  experimentally  observing  behavior  under  different  types  of  loading  or 
specimen  configuration  and  size,  or  developing  empirical  algorithms  than  from 
theoretical  or  “hard  science”  approaches. 

Fatigue  strength  has  become  an  increasingly  important  issue  with  which  to 
contend  (SSC,  1998;  SSC,  1997).  As  technology  advances,  structural  designs  become 
more  finely  optimized.  Attempts  to  reduce  weight  and  cost  typically  result  in  decreased 
amounts  of  material  and  lower  margins  of  safety.  Actual  margins  of  safety  may  often  be 
implicite  to  begin  with.  Structures  are  often  left  in  service  longer  or  operated  in  a 
different  manner  from  that  originally  intended.  Fatigue  is  an  irrecoverable  form  of 
damage,  which  can  initiate  cracks  prematurely  and  result  in  nuisance  cracks  in  secondary 
structure  or  lead  to  more  serious  situations  if  they  initiate  or  grow  into  primary  structure. 

Once  ships  are  built  and  outfitted  with  cabling,  piping  and  ductwork,  the  outer 
shell  is  typically  insulated  or  hidden  by  false  ceilings  or  walls  in  manned  areas.  Periodic 
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inspections  of  the  outer  shell,  if  performed  at  all,  are  difficult.  Inspection  sites  may  be 
physically  hard  to  reach  in  a  large  area,  especially  if  the  space  is  poorly  lit  and  cluttered 
with  outfitting.  Even  if  cracks  occur,  they  are  likely  to  avoid  detection  because  they  are 
simply  difficult  to  see. 

The  naval  ship  design  therefore  favors  a  safelife  fatigue  approach  against  crack 
initiation  in  ships  as  opposed  to  a  fail  safe  damage  tolerant  approach  such  as  that  used  to 
assess  assumed  crack  presence  and  growth  in  aircraft.  The  former  approach  relies  on  a 
comprehensive  fatigue  analysis  to  ensure  (within  appropriate  probabilities  of  occurrence) 
that  the  ship  can  complete  its  intended  mission  and  service  life  before  the  onset  of  crack 
initiation.  Although  conservative,  this  approach  does  not  rely  on  period  inspection.  The 
later  approach  relies  heavily  on  inspection,  assuming  a  crack  just  under  the  inspection 
detection  capability  may  exist,  grow  without  inhibiting  the  performance  of  the  structural 
member,  and  be  detected  and  assessed  at  the  next  inspection  interval. 

FATIGUE  LOADINGS 

Surface  ships  respond  to  an  active  seaway  in  a  relatively  narrow  frequency  band 
compared  to  that  of  the  wave  heights.  Although  the  bandwidth  frequency  changes  with 
speed  and  heading,  most  ships  spend  most  of  their  life  responding  to  seaways  in  a  narrow 
band.  Head  seas  and  high  speed  tend  to  produce  the  most  narrowband  conditions. 
Whereas  following  seas  and  low  speed  tend  to  produce  the  more  broadband  conditions. 
Table  1  shows  an  example  of  an  operational  profile,  broken  down  by  speed  and  heading, 
with  the  bandwidth  for  each  operating  condition  reflected  by  the  irregularity  factor  and 
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the  average  encounter  frequency.  The  irregularity  factor  is  the  ratio  of  the  average 
number  of  peak  responses  that  occur  between  zero  crossings.  Irregularity  factors  of  unity 
indicate  narrowband  responses,  i.e.  Rayleigh  distributed  extrema.  As  the  irregularity 
factor  decreases  in  magnitude,  the  process  becomes  increasingly  broadband.  Gaussian 
distributed  extrema  are  obtained  when  the  irregularity  factor  becomes  zero.  The 
encounter  frequencies  are  included  in  the  same  format  to  show  the  range  and  magnitude 
of  the  wave  induced  hull  girder  response  frequencies  as  this  typical  ship  encounters 
waves. 

The  bandwidth  of  the  ship  response  is  a  fairly  important  issue.  If  the  operating 
conditions  produced  responses  that  were  not  narrowband,  then  the  distribution  of  stress 
cycles  would  be  difficult  to  define.  Although  the  ramifications  of  ignoring  the  frequency 
content  of  the  responses  have  been  investigated  (Sarkani  et  al,  1991),  this  topic  remains 
the  basis  for  future  work.  The  relationship  between  the  statistics  of  the  responses  and  the 
distribution  of  stress  cycles  remains  to  be  established  for  the  general  case.  Only  in  the 
limiting  case  of  narrowband  responses  has  a  direct  relationship  been  established,  i.e., 
Rayleigh  distributed  stress  cycles.  The  more  general  case  may  involve  the  use  of  Weibull 
probability  distribution  functions,  but  must  be  related  to  Rainflow  stress  cycles  and  not 
simply  stress  peaks.  In  the  meantime,  ship  responses  are  assumed  to  be  Rayleigh 
distributed  for  purposes  of  determining  fatigue  cycles,  calculating  fatigue  damage  and 
estimating  extreme  lifetime  loads. 

Nonetheless,  assuming  Rayleigh  distributed  stress  cycle  responses,  lifetime 
fatigue  loadings  are  typically  constructed  by  breaking  the  operational  profile  into  cells  of 
constant  speed,  heading  and  sea  condition  (Sikora,  1983).  Knowing  the  time  spent  in 
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each  of  these  cells  allows  one  to  estimate  the  number  of  stress  cycles  that  would  occur, 
the  maximum  stress  level  expected  to  be  exceeded  once,  and  the  number  of  cycles 
expected  to  exceed  a  given  stress  level.  By  combining  the  cycles  exceeding  given  values 
of  stress  for  all  the  cells  making  up  the  operational  profile,  one  can  construct  a  table  of 
stress  exceedances  associated  with  many  stress  levels.  Typically,  these  pairs  of  data  are 
fit  to  a  Fourier  sine  series  expansion  for  ease  of  computation.  To  develop  a  lifetime 
stress  histogram  for  fatigue  calculations,  the  exceedance  curve  is  divided  into  segments. 
The  difference  between  cycles  exceeded  is  the  applied  cycles,  and  the  corresponding 
stress  values  are  averaged  to  determine  the  applied  stress.  The  exceedance  curve 
approach  is  a  spectral  method  that  can  be  used  on  many  types  of  ship  responses, 
including  bending  moments  and  motions.  The  exceedance  curve  approach  continues  to 
be  the  method  of  choice  in  fatigue  assessments  of  ship  structures  (Kihl,  1992). 

The  shape  of  the  resulting  lifetime  stress  histogram  is  not  unlike  that  of  an 
exponential  distribution.  Many  times  an  exponential  distribution,  or  the  more  general 
Weibull  distribution,  is  assumed  in  order  to  obtain  a  simple  closed  form  for  subsequent 
fatigue  assessments  (Munse,  1982).  Knowing,  or  assuming,  the  number  of  lifetime 
cycles  and  the  maximum  lifetime  stress,  allows  the  determination  of  the  stress  level 
which  is  expected  to  be  exceeded  once  in  the  lifetime  of  the  ship.  Knowing  these  values, 
the  parameters  describing  the  exponential  or  near-exponential  distribution  can  be  defined 
or  assumed.  Assuming  an  exponential  lifetime  distribution  of  stress  is  the  same  as  using 
a  linear  exceedance  curve.  As  seen  in  Appendix  A,  assuming  the  lifetime  stresses  are 
exponentially  distributed  can,  however,  lead  to  erroneous  estimates  of  fatigue  life. 
Unfortunately  the  erroneous  estimate  is  not  always  conservative. 
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Simplistic  approaches  (ABS,  1992)  offer  a  quick  way  to  make  comparisons  or 
rough  estimates  of  fatigue  lives  for  many  ship  details.  Despite  the  advantage  of  a  simple 
expression,  a  more  realistic,  accurate,  and  comprehensive  description  of  lifetime  stresses 
can  be  produced  from  the  spectral  stress  exceedance  curve  method.  The  uncertainties 
associated  ignoring  stress  cycles  has  the  potential  of  rendering  a  simplistic  approach 
unreliable  unless  the  results  are  supported  by  service  experience. 

The  relative  importance  and  effect  of  variability  of  the  parameters  used  in  a 
fatigue  assessment  can  many  times  be  unknown  or  not  realized.  In  an  attempt  to  quantify 
how  these  parameters  affect  the  final  answer  using  the  exceedance  curve  approach,  a 
brief  sensitivity  analysis  was  performed  and  is  provided  in  Appendix  B.  Results  of  the 
parametric  study  indicate  that  variability  in  the  S/N  curve  coefficients,  the  standard 
deviation,  first  two  coefficients  of  the  exceedance  curve  and  service  life  produce  the  most 
variability  in  the  estimated  fatigue  life.  The  results  of  eliminating  the  higher  exceedance 
curve  coefficients  produced  little  change  in  the  final  fatigue  life  estimate.  It  should  be 
noted  that  these  trends  may  not  reflect  the  behavior  of  all  ship  types  and  classes  and  are 
only  intended  to  indicate  relative  importance  of  parameters. 

CUMULATIVE  FATIGUE  DAMAGE 


The  concept  of  cumulative  damage  considers  the  gradual  irreversible  changes  that 
occur  as  a  structure  undergoes  cyclic  operation  until  the  structure  can  no  longer  perform 
satisfactorily.  The  initial  conditions,  previously  accumulated  damage,  environment, 
loading,  as  well  as  local  and  overall  geometry,  all  contribute  to  the  way  damage 
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accumulates  in  the  structure  and  the  rate  at  which  it  occurs.  The  period  between  which 
the  structure  begins  cyclic  operations  and  when  it  can  no  longer  perform  satisfactorily,  or 
when  failure  is  said  to  have  occurred,  can  be  expressed  in  units  of  applied  cycles,  or  time. 

When  Palmgren  (1924)  first  studied  the  wear  out  of  ball  bearings,  he  assumed 
damage  accumulated  linearly  with  the  number  of  revolutions.  Miner  (1945)  later 
expanded  on  this  idea  by  assuming  that  the  damage  of  a  fatigue  test  specimen  also 
accumulated  linearly  when  subjected  to  a  given  number  of  stress  cycles.  Failure  would 
then  occur  when  the  damage  reached  a  critical  value;  i.e.,  when  the  applied  cycles 
reached  the  cycles  to  failure,  or  when  the  damage  summation  reached  unity.  Applying 
this  rationale  to  two-step  and  multi-step  loadings,  the  summation  of  damage  fractions  was 
formulated  into  what  we  now  call  Miner’s  Rule. 

Predictions  based  on  Miner’s  Rule  do  not  always  agree  with  experimental  data. 
Many  tests  have  been  conducted  using  simple  block  loadings  to  quantify  the  appropriate 
value  of  the  summation  constant,  or  the  accuracy  of  the  methodology.  Modifications  on 
the  linear  summation  (Frost,  1974)  propose  a  power  law  relationship  between  damage 
and  the  cycle  ratio.  Other  methods  attempted  to  introduce  multiple  initiation  sites, 
rotation  of  constant  amplitude  stress/life  (S/N)  curves,  or  size  of  imperfections.  These 
alternative  methods  were  developed  for  block  loadings,  e.g.  considering  a  few  stress 
levels  acting  together  in  some  defined  sequence.  They  relied  on  experimental  data  to 
empirically  quantify  the  parameters  representing  the  fatigue  behavior.  Due  to  the 
extremely  large  number  of  additional  parameters,  the  cost  and  effort  required  to 
characterize  any  of  these  methods  under  constant  amplitude  loads  would  be  prohibitive, 
even  for  one  joint  configuration.  Additional  effort  would  then  be  required  to  apply  the 
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model  to  random  load  situations.  Random  loads  must  be  considered  in  any  ship  structure 
fatigue  assessment,  since  the  ship’s  primary  responses  are  wave  induced.  Unfortunately, 
there  have  not  been  many  tests  that  used  random  loadings  to  evaluate  Miner’s  Rule.  The 
experimental  data  presented  in  this  report  contain  both  constant  and  random  amplitude 
data.  The  random  amplitude  data  are  representative  of  Rayleigh  distributed  stresses.  As 
such,  the  summation  constant  is  specifically  evaluated.  This  evaluation  will  be  discussed 
in  greater  detail  later. 

Results,  however,  indicate  the  summation  constant  indeed  to  be  normally 
distributed  about  unity  when  the  mean  (50%  probability  of  failure)  S/N  curve  is  used. 
When  a  mean  minus  two  standard  deviation  (2.3%  probability  of  failure)  S/N  curve  is 
used,  as  one  would  in  a  design,  nearly  all  of  the  individual  data  points  fall  on  the 
conservative  side  of  the  unit  summation  value.  These  results  indicate  successful 
implementation.  However,  those  few  points  that  fall  to  the  unconservative  side  are 
associated  with  severely  deformed  or  misaligned  specimen  configurations,  indicating  a 
lower  probability  of  failure  S/N  curve  may  be  more  appropriate  in  such  extreme  cases. 

FATIGUE  DAMAGE  APPROACHES 


There  are  only  a  few  practical  approaches  to  fatigue  crack  initiation  and  fatigue 
life  prediction  (Moan,  1997).  The  differences  between  these  approaches  depend 
primarily  on  how  the  experimental  fatigue  data  are  generated,  characterized  and  used. 
The  applicability  of  each  method  depends  on  the  complexity  of  the  structure,  the  state  of 
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stress  at  the  point  of  interest,  the  type  of  loading,  the  ability  to  identify  stress  cycles,  and 
the  many  subtle  internal  and  external  features  of  the  joint  detail. 

The  simplest  and  most  straight  forward  method  of  life  prediction  is  the  nominal 
stress  approach.  In  this  method,  only  a  coarse  level  of  stress  analysis  is  required  of  the 
structure.  One  only  needs  to  obtain  the  average  “far  field”  stress  applied  to  the  detail  of 
interest.  Often  times,  the  stress  is  determined  from  section  properties  or  a  coarse  mesh 
finite  element  model.  Fatigue  data  are  generated  from  specimens  representing  the  detail 
of  interest  and  subjected  to  the  same  nominal  “far  field”  stress  levels.  In  so  doing,  a 
unique  S/N  curve  for  that  particular  detail  is  established.  The  subtle  features  and  details 
of  the  specimen,  such  as  weld  profiles  and  material  properties  are  assumed  to  be  inherent 
and  contained  in  both  the  test  specimen  and  detail  of  interest.  Fatigue  design  codes  use 
this  method,  and  generally  have  a  family  of  S/N  curves  applicable  to  different  categories 
of  details. 

The  hot  spot  approach  is  just  the  opposite  of  the  nominal  stress  approach.  The 
success  of  this  method  lies  in  the  determination  of  the  local  state  of  stress  at  the  presumed 
crack  initiation  site.  The  “exact”  local  geometry,  i.e.,  weld  profile  and  toe  geometry  need 
not  be  modeled  precisely,  but  should  reflect  the  general  weld  configuration  in  order  to 
accurately  define  the  local  state  of  stress.  Fine  mesh  finite  element  models  or  strain  gage 
readings  are  typically  used  to  define  the  state  of  stress,  which  is  often  taken  a  given 
(small)  distance  from  the  weld  toe.  In  contrast  to  the  nominal  stress  approach,  the  fatigue 
specimen  configurations  used  in  the  hot  spot  approach  are  much  simplified,  since  the 
detail  is  accounted  for  more  in  the  stress  analysis  than  in  the  test  specimen. 
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The  notch  stress  approach  relies  heavily  on  stress  concentration  factors,  nominal 
stress  fields,  and  the  presence  of  a  notch  assumed  to  be  located  at  a  crack  initiation  site. 
Typically,  a  generic  S/N  curve  is  used  to  determine  the  stress  cycles  to  failure. 

Similar  to  the  notch  stress  approach,  the  notch  strain  approach  attempts  to  define 
the  state  of  strain  at  a  notch,  and  therefore  uses  cyclic  strain  data  on  simple  notched 
specimens  to  determine  damage.  This  method  is  particularly  useful  in  applications  that 
involve  elastic  and  plastic  strain  levels. 

FATIGUE  DESIGN  CODES 


When  structures  are  expected  to  experience  many  cycles  of  stress  reversals  during 
their  service  life,  the  design  must  consider  the  possibility  of  failure  by  fatigue  damage 
accumulation.  Codes  are  now  available  to  assist  designers  in  dealing  with  fatigue  by 
laying  out  a  procedure  of  calculations  and  limits  on  stress  levels  to  follow.  In  so  doing, 
an  adequate  fatigue  life  is  incorporated  into  the  design  based  on  the  knowledge  and 
experience  of  those  representing  that  particular  industry. 

A  review  and  comparison  of  several  design  codes  was  recently  undertaken  (Moan, 
1997)  that  is  applicable  to  ship  structure.  Obviously,  those  codes  which  apply  directly  to 
welded  steel  structure  are  of  primary  importance. 

In  situations  where  the  consequences  of  failure  are  great,  or  the  structure  contains 
few  redundant  load  paths,  the  codes  tend  to  be  conservative  and  are  based  on  limiting 
stress  levels.  These  limit  stress  levels  would  correspond  to  essentially  infinite  fatigue 
lives.  The  resulting  designs  may  not  be  particularly  efficient,  but  are  presumed  to  be 
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safe.  The  subject  of  structural  fatigue,  its  underlying  assumptions  and  empirical  basis,  is 
by  no  means  foolproof.  Advances  are  made  periodically  and  eventually  find  their  way 
into  the  design  codes.  Many  codes  differ  because  of  the  structural  application,  or  the  way 
in  which  the  service  loadings  are  applied,  or  how  they  can  be  quantified  for  analysis. 
Stress  cycle  responses  to  a  random  environment,  such  as  a  ship  would  experience,  can  be 
much  more  complicated  than  cyclic  one-way  loading  of  a  bridge,  or  the  pressure  loading 
of  a  tank.  Applicability  between  codes  of  different  industries  may  not  always  be 
straightforward,  since  the  codes  are  based  in  part  on  design  philosophy. 

In  comparing  design  codes,  some  common  traits  are  evident.  All  codes  use  or  are 
based  on  an  S/N  curve  of  the  traditional  power  law  form  and  use  Miner’s  Rule  to  account 
for  fatigue  damage  accumulation.  Failure  is  assumed  to  occur  when  the  Miner’s  Rule 
summation  constant  reaches  unity.  Tables  2  and  3  are  provided  to  aid  in  comparing  the 
different  codes.  In  general,  there  appears  to  be  a  consistent  approach  to  fatigue  damage 
accumulation  under  non-constant  amplitude  loads.  The  differences  tend  to  be  associated 
with  use  of  stress  concentration  factors,  factors  of  safety,  cycle  counting,  or  the  data  base 
of  S/N  curves.  A  later  section  of  this  report  discusses  a  comparison  of  design  code  S/N 
curves  and  S/N  curves  obtained  from  this  and  other  recent  experimental  efforts. 

FACTORS  AFFECTING  FATIGUE  STRENGTH 

There  are  many  factors  that  affect  the  fatigue  strength  of  welded  steel 
connections.  Foremost  of  these  is  the  applied  stress  range.  The  formation  of  high 
residual  stresses  in  large,  welded  structures  tends  to  dominate  over  the  effects  of  applied 
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mean  stress  (Dexter,  1993  and  1994).  Fabrication  quality  and  preparation  of  the  pieces 
being  joined  together  are  also  important.  The  presence  of  embedded  flaws  (porosity  and 
inclusions),  and  surface  flaws,  such  as  weld  toe  undercut  and  misalignment,  can 
significantly  reduce  the  fatigue  life  of  an  otherwise  intact  structural  detail.  Significant 
life  reduction  can  also  be  caused  by  any  intentional  or  unintentional  stress  concentration. 
High  levels  of  tensile  residual  stress  due  to  uneven  cooling  during  welding  or  forceful 
alignment  during  setup  of  members  can  also  lead  to  shortened  fatigue  life;  whether  new 
construction  or  repair.  Operation  in  a  corrosive  environment,  such  as  seawater,  bilge 
water,  or  sour  crude  oil  without  adequate  cathodic  or  coating  protection  can  also  be 
detrimental.  Size  and  thickness  effects  are  also  an  important  consideration  in  fatigue 
(Kihl,  1997;  Maddox,  1991).  Fatigue  tests  on  large  components  and/or  full  thickness 
specimens  tend  to  fall  in  the  lower  portion  of  the  scatter  band  of  smaller  specimens. 

Fatigue  strength  improvements  can  be  realized  with  the  use  of  shot  peening  and/or 
weld  toe  grinding  to  reduce  stress  concentrations  and  introduce  compressive  residual 
stresses.  Although  useful,  these  measures  would  only  be  taken  in  fatigue  critical  regions 
or  as  a  last  resort  in  fixing  a  fatigue  prone  structure. 

There  are  other  effects  that  can  influence  the  fatigue  behavior  of  welded  structure, 
but  are  associated  with  the  interpretation  of  the  S/N  curve  and  the  numerical  calculation 
of  the  fatigue  damage.  For  instance,  the  constant  amplitude  S/N  curve  has  an  overall 
sigmoidal  shape,  with  an  upper  plateau  at  stresses  approaching  yield,  the  usual  center 
portion  used  in  design,  and  a  lower  or  endurance  portion  at  low  stress  levels  associated 
with  semi-infinite  fatigue  life.  Problems  arise  when  service  stress  levels  are  below  that  of 
test  data  used  to  construct  the  S/N  curve.  Random  fatigue  test  results  (Kihl  et  al,  1992 
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and  Sarkani  et  al,  1992)  support  the  notion  that  the  constant  amplitude  S/N  endurance 
limit  should  be  ignored  when  calculating  damage  under  variable  amplitude  loadings. 

Another  problem  arises  when  one  determines  probability  of  failure.  Probabilities 
of  failure  are  seldom  determined  with  any  rigor.  Often,  the  lack  of  data  leads  one  to 
settle  for  what  amounts  to  the  default  method  of  determining  S/N  curves  with  a 
associated  probability  of  failure.  That  method  (ASTM,  1988)  consists  of  performing  a 
regression  analysis  on  the  logarithms  of  the  fatigue  data  and  determining  the  standard 
deviation  of  the  data  from  the  best  fit  straight  line.  The  resulting  probabilities  of  this 
lognormal  distribution  with  constant  scatter  may  very  well  apply  to  the  data  under 
consideration,  or  they  may  not.  The  point  being,  that  even  though  this  is  a  fairly  accepted 
practice,  the  calculated  probabilities  of  failure  may  not  be  very  accurate.  A  more 
rigorous  approach  would  be  to  establish  separate  probability  distributions  (e.g.  Weibull  or 
lognormal  distribution)  at  each  of  several  stress  levels  and  connect  all  the  fatigue  lives 
associated  with  a  given  probability  of  failure  with  an  S/N  curve.  This  method  would  also 
allow  for  situations  were  the  scatter  is  not  constant,  but  increases  with  decreasing  stress. 

Finally,  test  data  are  generated  by  cycling  specimens  or  components  in  load 
machines  until  either  failure  occurs,  or  the  test  is  suspended  without  failure.  The 
definition  of  failure,  however,  is  not  always  clear.  Failure  may  mean  complete  separation 
into  two  pieces,  exceeding  a  given  displacement  level,  a  change  in  compliance,  or  a 
change  in  correlation  coefficient  between  load  and  displacement.  Whatever  the  definition 
of  failure  during  the  test,  a  relationship  between  that  failure  and  failure  in  a  larger 
component  or  full-scale  structure  must  be  established.  Small  specimens  may  not  exhibit 
much  difference  between  life  at  first  evidence  of  crack  initiation  and  final  failure,  where 
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larger  components  and  structures  may  exhibit  crack  initiation  and  propagation  phases  as 
failure  approaches.  Generally,  failure  in  a  test  specimen  or  component  is  considered  to 
be  equivalent  to  crack  initiation  in  a  full-scale  structure. 

EXPERIMENTAL  EFFORT 

The  focus  of  this  effort  was  the  fabrication  and  testing  of  various  specimens  to 
reflect  the  behavior  of  ship  structural  details.  Fatigue  tests  were  conducted  under  both 
constant  amplitude  and  random  amplitude  loadings.  For  each  type  of  loading,  the 
configuration  could  be  characterized,  and  the  linear  cumulative  damage  summation 
constant  could  be  evaluated.  The  following  sections  describe  the  type  of  configurations 
characterized,  specifics  of  the  tests,  data  collected,  and  analyses  of  the  data. 

SPECIMEN  CONFIGURATIONS 

Many  different  types  of  structural  joint  configurations  were  considered  for 
characterization.  Table  4  shows  a  wide  range  of  possible  joint  configurations  and 
indicates  the  ones  that  were  ultimately  selected  for  fatigue  life  characterization.  The 
configurations  ranged  in  size  from  small  specimens  to  full-size  structural  components. 
They  included  details  such  as:  insert  and  doubler  plate  connections,  one-sided  welds, 
aligned  and  misaligned  intersecting  plates  with  partial  penetration  welds,  plates  with 
flame  cut  edges,  opening  details,  deck  to  bulkhead  plating  and  stiffener  connections, 
stiffener  splices  and  intersecting  plates  with  full  penetration  non-load  carrying  welds  with 
various  thickness. 
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These  details  were  selected  to  compliment  fatigue  data  obtained  from  recently 
completed  characterizations  (Kihl,  1994a,  1994b)  of  advanced  double  hull  joint  details. 
These  data,  together,  offer  a  comprehensive  characterization  of  a  wide  variety  of 
structural  details.  Figure  1  shows  a  general  schematic  of  the  test  specimens  and 
components.  The  detailed  geometry  of  these  configurations  can  be  found  in  Appendix  C. 
The  newly  characterized  configurations  were  all  fabricated  in  a  shipyard  using  high 
strength  low  alloy  (HSLA-80)  steel.  The  recently  generated  data  on  some  of  the  details 
made  of  ordinary  steel  (OS)  and  high  strength  (HS)  steel  are  also  available  and  included 
with  the  new  data  for  completeness.  All  specimens  were  inspected  after  failure  to  ensure 
failure  occurred  legitimately  and  not  from  an  unintentional  flaw.  The  large  bulkhead 
penetration  details  were  inspected  prior  to  testing  by  x-raying  the  butt  weld.  Smaller 
specimens  containing  butt  welds  were  visually  inspected  after  failure.  Finite  element 
models  were  constructed  for  each  of  the  small  specimen  configurations  and  the  opening 
detail.  Table  5  provides  a  list  of  stress  concentration  factors  obtained  from  each  of  these 
models.  Calculations  relating  applied  load  to  nominal  stress  for  the  spliced  stiffener  joint 
detail  are  provided  in  Appendix  D.  The  fabrication  site,  shipyard  or  NSWCCD,  is 
indicated  along  with  the  test  results  in  Appendix  E. 

STRAIN  GAGE  INSTRUMENTATION 

Only  the  larger  structural  components  were  instrumented  with  strain  gages  prior 
to  testing.  The  larger  components  included  the  openings  detail,  the  deck  to  bulkhead 
connection  (conventional  component)  and  the  stiffener  splice  detail.  The  number  of 
strain  gages  varied  depending  on  specimen  type.  The  gage  layouts  and  measurements  for 
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these  specimens  are  shown  in  Figures  2  through  4.  Micro-Measurement  strain  gage  type 
CEA-06-250UW-350  and  M-Bond  200  adhesive  were  used.  Gages  were  typically  placed 
at  weld  toes  and  other  areas  of  high  stress  concentration.  Typically,  the  strain  gages  were 
monitored  during  the  initial  installation  in  order  to  determine  whether  or  not  the  test 
specimens  were  being  loaded  evenly  when  subjected  to  axial  load. 

TEST  PROCEDURES 


The  specimen  cross  sectional  area  was  measured  before  each  test.  Applied  axial 
load  was  then  determined  by  multiplying  the  desired  stress  level  by  the  calculated  cross 
sectional  area.  For  the  smaller  specimens,  an  average  cross  sectional  area  was  used.  For 
the  deck-to-bulkhead  intersection  components,  average  cross  sectional  areas  were 
calculated  above  and  below  the  center  portion  of  the  component  where  the  simulated 
bulkhead  structure  is  located,  and  the  minimum  cross  sectional  area  was  used.  Due  to  the 
complicated  arrangement  of  the  larger  opening  and  stiffener  splice  components,  a 
nominal  cross  sectional  area  was  used  to  calculate  the  applied  load. 

All  tests  were  conducted  in  load  control.  All  specimen  were  attached  to  the  load 
machine  with  hydraulic  grips,  except  for  the  stiffener  splice  components  which  were 
bolted  up  to  large  steel  blocks.  Prior  to  the  initiation  of  cycling,  the  strain  gages  were 
monitored  while  the  test  components  were  loaded  in  steps  to  their  maximum  loads.  Test 
specimens  without  strain  gages  were  not  loaded  prior  to  cycling.  Cycling  continued  until 
the  axial  compliance  of  the  specimen  at  least  doubled,  or  the  cycle  count  exceeded  twenty 
million  cycles,  at  which  time  the  test  was  suspended  without  failure.  Specimens  that 
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failed,  usually  had  developed  large  cracks.  Complete  separation  would  have  been 
expected  to  occur  within  a  relatively  short  time. 

Loads  consisted  of  both  constant  amplitude  and  random  amplitude.  Both  types  of 
loadings  had  zero  mean.  The  random  loadings  consisted  of  a  computer  simulated 
sequence  of  1 0,000  endpoints  (5,000  cycles)  of  Rayleigh  distributed  extrema.  The 
endpoints  were  connected  by  haversine  curves  to  produce  a  continuous  waveform  of  unit 
RMS.  Random  loads  were  produced  by  multiplying  each  endpoint  of  the  random  load 
sequence  by  the  product  of  the  desired  RMS  stress  and  the  average  cross  sectional  area. 

TEST  RESULTS 

Results  of  the  experimental  effort  were  analyzed  to  produce  functional 
relationships  which  reflect  the  fatigue  behavior  of  the  joint  details.  For  completeness, 
data  from  some  recent  characterizations  have  also  been  included  along  with  the  newly 
generated  data.  The  results  of  these  characterizations  are  presented  in  Appendix  E. 

CONSTANT  AMPLITUDE 

Random  amplitude  fatigue  test  results  (Kihl  et  al,  1992  and  Sarkani,  et  al,  1992) 

show  better  agreement  with  life  predictions  that  use  single  line  constant  amplitude  S/N 

» 

curves  than  those  that  use  bi-linear  S/N  curves.  Constant  amplitude  fatigue  test  results 
were  therefore  analyzed  and  fit  to  a  single  power  law  function  using  linear  regression 
analysis  on  the  logarithms  of  the  applied  stress  and  cycles  to  failure.  This  is  shown 
below. 
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N  =  \0'°s(A)SB 

The  logarithms  of  cycles  to  failure  were  taken  as  the  dependent  variables  and  the 
logarithms  of  applied  stress  were  taken  to  be  the  independent  variables.  The  scatter  in  the 
data  about  the  best  fit  straight  line  was  quantified  by  the  standard  estimate  of  error,  or 
standard  deviation  in  the  log(life)  direction,  denoted  by  “aiogN”.  This  quantity  allows  one 
to  determine  an  S/N  curve  that  would  be  associated  with  a  value  other  than  the  50% 
probability  of  failure  represented  by  the  best  fit  S/N  curve.  Assuming  the  scatter  to  be 
normally  distributed,  one  can  select  a  given  probability  of  failure  from  the  appropriate 
number  of  standard  deviations  above  or  below  the  mean  S/N  curve.  For  example,  one 
standard  deviation  below  the  mean  line  corresponds  to  a  15.9%  probability  of  failure,  two 
standard  deviations  corresponds  to  2.3%,  and  so  on.  All  S/N  curves  developed  in  this 
manner  lie  parallel  to  the  mean  50%  probability  of  failure  S/N  curve. 

To  implement  this  procedure,  the  log(A)  parameter  is  adjusted  by  adding  or 
subtracting  the  product  of  the  number  of  standard  deviations  from  the  mean  and  the  value 
of  the  standard  deviation,  as  shown  in  the  following  example  for  a  mean  minus  two 
sigma,  or  2.3%  probability  of  failure  S/N  curve.  The  slope  of  the  S/N  curve,  B,  remains 
unchanged. 


log(^4)23o/o  —  log(^)50o/o  2crlogAr 

Note  that,  since  the  standard  deviation  is  taken  in  the  log(life)  direction,  its  value 
is  independent  of  the  units  of  applied  stress.  The  value  of  log(A)  however,  does  depend 
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on  the  units  and  definition  of  applied  stress,  i.e.  single  amplitude,  double  amplitude 
(range),  ksi,  or  Mpa.  Table  6  is  used  to  convert  between  the  different  notations. 

The  coefficient  of  variation  (COV)  is  a  useful  measure  of  comparing  the 
dispersion  of  data  sets.  The  COV  is  calculated  by  dividing  the  standard  deviation  by  the 
mean  value  of  the  data.  When  applied  to  the  best  fit  S/N  curve  from  constant  amplitude 
data,  the  COV  is  constant  at  any  point  along  the  S/N  curve,  assuming  the  standard 
deviation  is  constant  in  log  space,  which  is  consistent  with  the  procedure  discussed 
previously.  This  being  the  case,  it  can  be  shown  that  the  COV  and  the  standard  deviation 
obtained  from  the  S/N  curve  are  related  by  the  following  expression. 


COV 


JQ  <7  log  AT 


The  constant  amplitude  fatigue  data,  regression  analysis  results  and  COV  are 
provided  for  many  detail  configurations,  including  those  characterized  under  this  effort, 
in  Appendix  E. 


RANDOM  AMPLITUDE 

At  least  one  set  of  random  amplitude  test  data  was  generated  for  each  type  of 
structural  detail.  Often,  a  detail  characterization  contained  a  few  such  sets,  depending  on 
the  number  of  specimens  available  and  the  type  of  material.  The  experimental  data  were 
used  for  comparison  with  analytical  predictions.  The  geometric  mean  of  the  fatigue  lives 
was  calculated  for  each  set  and  compared  with  fatigue  life  estimates  using  the  Rayleigh 
Approximation  Method  (Miles,  1954).  The  Rayleigh  Approximation  is  derived  based  on 


21 


NS  WCCD-65-TR-1 998/23 


the  assumptions  that  the  stresses  are  Rayleigh  distributed,  the  S/N  curve  is  of  the  standard 
power  function  form  (single  straight  line  S/N  curve),  and  that  the  fatigue  damage 
accumulates  according  to  Miner’s  Rule. 

All  these  assumptions  apply  to  the  types  of  loading,  analyses,  and  procedures  used 
in  this  investigation.  The  Rayleigh  Approximation  formula  is  given  below. 


cr~B  2~b  7  2  T(i  -  5  /  2) 

In  this  expression,  log(A)  and  B  are  the  empirical  coefficients  of  the  S/N  curve, 
T(»)  is  the  gamma  function  and  a  is  the  root  mean  square  (RMS)  stress  of  the  zero  mean 
process.  The  RMS  stress  can  be  determined  in  several  ways  depending  on  how  the 
stresses  are  presented.  If  the  stresses  are  presented  in  the  frequency  domain  by  a  power 
spectral  density  curve,  then  the  RMS  stress  can  be  determined  by  taking  the  square  root 
of  the  area  under  the  curve.  In  the  time  domain,  the  RMS  stress  can  be  determined  by 
first  squaring  all  the  values  in  the  time  history,  then  summing  all  the  squared  values, 
dividing  by  the  number  of  values,  and  finally  taking  the  square  root  of  the  mean  squared 
value.  If  the  stress  is  defined  by  a  probability  function,  then  the  RMS  stress  can  be 
determined  by  first  calculating  the  expected  value  of  a2  and  then  taking  the  square  root  of 
that  value.  Explanations  of  how  expected  value  calculations  are  performed  can  be  found 
in  most  probability  books  (e.g.,  Newland,  1986).  The  gamma  function  can  be  determined 
using  information  provided  in  Appendix  F. 

Generally,  the  comparison  between  the  experimental  data  and  analytical  results 
were  quite  favorable.  Unconservative  results  typically  occurred  for  configurations  that 
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contained  built-in  imperfections.  A  more  comprehensive  assessment  is  obtained  by 
analyzing  the  ratio  of  the  experimental  to  analytical  fatigue  lives.  This  is  analogous  to 
adjusting  the  summation  constant  in  the  linear  cumulative  damage  procedure  to  obtain 
accurate  predictions.  The  random  amplitude  data  can  also  be  found  in  Appendix  E. 

Note  that  expressions  for  estimating  the  cycles  to  failure  when  the  stress  are 
distributed  according  to  other  probability  distributions  can  be  derived  using  the  moments 
of  probability  distributions  (Lipson,  1973  and  Bogdanoff,  1985)  provided  in  Appendix  G. 
These  moments  are  also  useful  to  evaluate  how  well  simulated  sequences  of  random 
numbers  agree  with  their  theoretical  counterparts. 


SUMMATION  CONSTANT 

Whether  performing  analyses  to  estimate  the  fatigue  life  of  ship  structure  in  years 
or  calculating  the  expected  cycles  to  failure  of  fatigue  test  specimens,  Miner’s  summation 
constant  provides  a  measure  of  the  accuracy  of  the  prediction  when  compared  to  actual 
fatigue  failure  lives.  In  this  role,  it  can  also  provide  a  convenient  means  to  introduce  a 
factor  of  safety,  or  compensate  for  an  otherwise  quantified  inaccuracy. 

However,  to  strictly  assess  the  accuracy  of  Miner’s  Rule,  predicted  fatigue  lives 
can  be  compared  to  experimental  fatigue  lives.  To  be  consistent,  if  a  mean  fatigue  S/N 
curve  is  used  in  the  predictions,  then  an  average  experimental  fatigue  life  should  be  used 
in  the  comparison.  The  database  provided  in  Appendix  E  contains  both  the  constant 
amplitude  S/N  curve  coefficients  and  results  from  the  random  amplitude  tests.  The 
random  amplitude  tests  were  all  conducted  using  stress  histories  having  Rayleigh 
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distributed  extrema.  This  being  the  case,  the  Rayleigh  Approximation  equation  was  used 
to  predict  the  average  fatigue  life  for  each  random  test  condition.  The  geometric  mean  of 
the  random  amplitude  test  results  was  determined  for  each  data  set.  The  assessment  was 
then  performed  by  calculating  the  ratio  of  average  experimental  fatigue  life  to  average 
predicted  fatigue  life  for  each  data  set.  Figure  5  shows  the  overall  distribution  and 
frequency  of  these  ratios.  Data  and  calculated  ratios  used  to  generate  this  curve  can  be 
found  in  Appendix  H.  The  most  frequent  ratio  is  unity,  and  the  distribution  is  somewhat 
symmetric  and  centered  on  this  value.  This  analysis  indicates  the  use  of  Miner’s  Rule  in 
fatigue  life  prediction  generally  produces  accurate  results.  Non-conservative  results, 
those  located  below  unity,  tend  to  occur  for  details  which  contain  imperfections  and 
misalignments,  or  larger  components.  Conservative  estimates,  located  above  unity,  tend 
to  occur  for  better  quality  and  smaller  specimen  configurations. 

To  assess  how  these  results  would  reflect  a  design  situation,  the  following 
analysis  was  also  conducted.  In  the  case  of  a  design  application,  a  lower  probability  of 
failure  S/N  curve  is  used,  typically  mean  minus  two  standard  deviations  (2.3% 
probability  of  failure),  to  minimize  failure  of  any  structural  elements.  The  Rayleigh 
Approximation  equation  was  again  used  to  predict  fatigue  life,  but  this  time  using  the 
2.3%  probability  of  failure  S/N  curve.  Ratios  were  again  calculated,  but  this  time  using 
individual  (data  point)  fatigue  lives.  Figure  6  shows  the  ratio  distribution  now  shifts 
dramatically  to  the  conservative  (right)  side  of  unity,  reflecting  the  fact  that  the  vast 
majority  of  specimens  should  not,  and  do  not,  fail  at  their  predicted  (design)  fatigue  life. 
Data  used  in  this  plot  can  also  be  found  in  Appendix  H.  Again,  only  a  few  individual 
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specimens,  out  of  over  one  hundred,  are  below  unity,  indicating  that  a  few  failures  would 
have  occurred  in  service. 

Overall,  the  methodology  for  cumulative  damage  calculations  under  random  loads 
tends  to  work  well  and  provides  reasonably  accurate  fatigue  life  predictions.  Further,  the 
use  of  this  methodology  for  design,  using  a  mean  minus  two  standard  deviation  S/N 
curve  tends  to  perform  equally  as  well. 

S/N  CURVE  STRENGTH  COMPARISONS 

The  variety  of  S/N  curves  established  from  data  or  from  fatigue  design  codes  are 
not  always  easy  to  compare,  especially  if  the  slopes  of  the  S/N  curves  are  different.  To 
alleviate  this  problem  and  facilitate  comparison,  the  S/N  curves  used  in  this  report  were 
analyzed  in  several  ways.  Using  the  Rayleigh  Approximation  method,  the  RMS  stress 
associated  with  low  cycle  fatigue  loadings  (103  cycles)  and  the  RMS  stress  associated 
with  high  cycle  fatigue  loadings  (108  cycles)  were  calculated  for  each  S/N  curve.  The 
RMS  stress  is  used  because  of  terms  in  the  Rayleigh  Approximation  formula  which 
include  the  slope  of  the  S/N  curve.  If  all  the  S/N  curve  slopes  were  the  same  value,  i.e., 
-3,  then  the  ratios  could  be  evaluated  simply  using  stress  range  from  the  constant 
amplitude  S/N  curves.  Since  this  is  not  the  case,  and  because  the  Rayleigh 
Approximation  formula  better  represents  the  random  service  loadings,  RMS  stress  is  used 
to  establish  the  strength  ratios. 

The  ratio  of  fatigue  strengths  is  calculated  by  first  solving  for  the  RMS  stresses 
from  the  Rayleigh  Approximation  formula  associated  with  a  given  cycle  count  (10  or 
108  cycles)  and  given  probability  of  failure  (50%  or  2.3%)  for  each  constant  amplitude 
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S/N  curve.  Each  RMS  stress  is  then  divided  by  the  RMS  stress  of  the  S/N  curve  selected 
as  the- baseline  (each  S/N  curve,  in  turn,  is  selected  as  the  baseline)  to  establish  the 
strength  ratios.  The  resulting  strength  ratios  are  presented  as  tables  in  Appendix  I.  The 
unshaded  rows  correspond  to  low  cycle  fatigue  ratios  and  shaded  rows  correspond  to  the 
high-cycle  fatigue  ratios.  This  same  series  of  calculations  was  performed  using  both  the 
mean  S/N  curves  (50%  probability  of  failure)  and,  where  data  permitted,  the  mean  minus 
two  standard  deviation  S/N  curves  (2.3%  probability  of  failure).  Both  test  data  S/N 
curves  and  design  code  S/N  curves  were  included  in  these  calculations. 

Each  value  in  the  first  column  corresponds  to  a  different  S/N  curve,  the  strength 
of  which  serves  as  the  baseline  (denominator  in  the  ratio  calculations)  for  that  entire  row. 
To  aid  in  comparing  strengths  between  entries  in  different  tables,  e.g.  different 
probabilities  of  failure,  the  last  row  and  column  correspond  to  a  generic  S/N  curve. 

For  example,  consider  the  need  to  estimate  the  high  cycle  fatigue  strength  ratio 
between  a  conventional  component  (data  set  #21)  at  50%  probability  of  failure  and  that  of 
a  one-inch  thick  cruciform  joint  (data  set  #7)  at  2.3%  probability  of  failure.  Since 
different  tables  are  involved,  the  generic  S/N  curve  is  used  as  an  intermediate  step.  First, 

O 

look  up  the  strength  ratio  at  10  cycles  for  the  conventional  component  (detail  #21 
column)  using  the  generic  S/N  curve,  “detail”  #30  (row),  as  the  baseline  on  the  50% 
probability  of  failure  table.  The  number  found  has  a  value  of  1 .26.  This  number  is  the 
ratio  of  detail  #21  strength  at  50%  probability  of  failure  and  108  cycles  to  detail  #30 
strength  at  50%  probability  of  failure  and  108  cycles.  Next  look  up  the  strength  ratio  at 
108  cycles  for  the  generic  S/N  curve  (“detail”  #30)  using  the  one-inch  thick  cruciform 
(detail  #7)  as  the  baseline  in  the  2.3%  probability  of  failure  table.  The  number  found  has 
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a  value  of  1.7.  This  number  is  the  ratio  of  detail  #30  strength  at  2.3%  probability  of 
failure  and  108  cycles  to  detail  #7  strength  at  2.3%  probability  of  failure  and  108  cycles. 
Since  (only)  the  generic  S/N  curve  has  the  same  strength  in  both  tables  (same  log(A),  B 
and  zero  standard  deviation,  i.e.,  the  RMS  stress  of  detail  #30  at  50%  equals  RMS 
strength  of  detail  #30  at  2.3%),  the  product  of  the  two  ratios,  2.14,  is  the  ratio  of  relative 
strength  between  the  two  details  at  108  cycles.  The  conventional  component  at  50% 
probability  of  failure  is  therefore  found  to  be  2.14  times  stronger  than  the  one  inch  thick 
cruciform  at  2.3%  probability  of  failure  under  high  cycle  fatigue  conditions.  Since  the 
tables  also  contain  S/N  curves  from  design  codes,  comparing  fatigue  strength  between 
different  codes  or  between  codes  and  test  data  S/N  curves  can  be  performed  in  a  similar 
manner. 

To  provide  another  means  of  comparing  fatigue  strengths  of  different  details  and 
S/N  curves,  all  the  strength  ratios  were  ranked  from  weakest  to  strongest,  using  the 
generic  S/N  curve  for  the  baseline.  The  ranking  was  performed  separately  for  both  low- 
cycle  fatigue,  high-cycle  fatigue,  50%  probability  of  failure  and  2.3%  probability  of 
failure.  Results  of  the  ranking  can  be  found  in  Appendix  J. 

There  are  also  occasions  when  the  effect  of  specimen  thickness  needs  to  be 
considered  in  the  fatigue  strength.  The  method  proposed  by  Maddox  (1991)  has  been 
shown  to  work  quite  well  for  some  of  the  new  test  results  (Kihl  and  Sarkani,  1997).  The 
method  uses  the  ratio  of  old  and  new  thickness  and  the  slope  of  the  S/N  curve,  and  can 
determine  the  new  value  of  log(A)  associated  with  the  new  thickness.  An  example  of  this 
calculation  is  provided  in  Appendix  K. 
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Misalignment  can  also  affect  fatigue  strength.  Stress  concentration  factors 
associated  with  plating  misalignment  (ABS,  1992)  can  be  used  to  adjust  the  S/N  curve  of 
an  “aligned”  structural  detail  in  an  attempt  to  account  for  misaligned  plating.  This 
adjustment  is  performed  in  much  the  same  way  as  plating  thickness  effects.  Sample 
calculations  are  also  provided  in  Appendix  K. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  technical  issues  and  experimental  work  discussed  in  this  report  are  part  of  an 
on-going  effort  to  understand  fatigue  damage  accumulation  in  welded  steel  structures  and 
use  empirically  obtained  data  and  experience  to  successfully  design  against  failure 
brought  about  by  fatigue  crack  initiation.  This  document  reflects  current  knowledge  and 
understanding  of  practical  fatigue  damage  accumulation  prediction  in  welded  steel 
structures.  It  also  discusses  practice  and  problems  associated  with  analyzing  and 
applying  empirically  generated  data  toward  the  fatigue  assessment/design  of  surface  ship 
structure. 

The  data  and  methodologies  contained  within  offer  a  complete  collection  of 
information  that  can  readily  be  used  by  the  practicing  structural  engineer  or  naval 
architect  in  assessing  fatigue  strength  in  ship  structure  or  comparing  fatigue  strength  of 
welded  details  and  design  codes.  It  is  recommended  that  this  information  be  consolidated 
and  expanded  appropriately  to  form  fatigue  design  guidance  for  surface  ship  structure. 

It  is  further  recommended  that  efforts  be  initiated  to  benchmark  the  fatigue  design 
methodology  by  analyzing  surface  ships  that  have  successfully  completed  their  service 
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life  without  fatigue  crack  initiation.  This  effort  would  allow  appropriate  operational 
profiles  and/or  factors  of  safety  to  be  defined  which,  when  applied,  would  result  in  ship 
designs  having  adequate  fatigue  strength. 

Future  efforts  should  also  include  quantifying  the  fatigue  behavior  and  design  of 
ship  structure  subjected  to  axial  in-plane  and  lateral  out-of-plane  loadings.  Such  loadings 
are  produced  when  local  secondary  hydrostatic  loads  interact  with  the  primary  hull  girder 
bending  loads  or  when  the  structure  subjected  to  in-plane  loads  contains  out-of-plane 


deformations. 
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Figure  1  General  Configuration  of  Test  Specimens  and  Components 
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Opening  Detail  Strain  Gage  Measurements 


Specimen 

Stress 

Load 

Gage 

Gage 

Gage 

Gage 

Gage 

Failure 

Failure 

ID 

(ksi) 

(kips) 

#1 

#2 

#3 

#4 

#5 

Cycles 

Site 

OPEN17 

5 

19.38 

156 

169 

210 

228 

242 

9,357,300 

ins  pit  butt  weld 

OPEN18 

5 

19.38 

161 

167 

212 

215 

219 

1,469,400 

ins  pit  butt  weld 

OPEN19 

5 

19.38 

181 

176 

228 

233 

236 

2,988,900 

ins  pit  butt  weld 

OPEN20 

5 

19.38 

181 

200 

224 

220 

226 

2,860,800 

ins  pit  butt  weld 

OPEN07 

7.5 

29.06 

260 

232 

331 

343 

324 

452,800 

ins  pit  butt  weld 

OPENIO 

7.5 

29.06 

236 

232 

333 

321 

335 

575,500 

ins  pit  butt  weld 

OPEN11 

7.5 

29.06 

264 

237 

337 

337 

334 

818,700 

ins  pit  butt  weld 

OPEN12 

7.5 

29.06 

245 

243 

336 

345 

352 

1,155,400 

ins  pit  butt  weld 

OPEN02 

10 

38.75 

384 

302 

421 

488 

293 

328,000 

ins  pit  butt  weld 

OPEN04 

10 

38.75 

361 

374 

463 

479 

433 

198,700 

ins  pit  butt  weld 

OPEN05 

10 

38.75 

400 

427 

468 

427 

457 

179,200 

ins  pit  butt  weld 

OPEN06 

10 

38.75 

299 

296 

433 

437 

467 

409,900 

ins  pit  butt  weld 

OPENOI 

15 

58.13 

564 

503 

681 

662 

658 

47,900 

ins  pit  butt  weld 

OPEN03 

15 

58.13 

662 

489 

682 

658 

718 

88,400 

top  of  coaming 

OPEN08 

15 

58.13 

464 

512 

661 

685 

714 

91,200 

top  of  coaming 

OPEN09 

15 

58.13 

442 

530 

728 

675 

654 

68,400 

ins  pit  butt  weld 

OPEN13 

5  rms 

77.50 

633 

709 

906 

942 

955 

887,000 

ins  pit  butt  weld 

OPEN14 

5  rms 

77.50 

688 

705 

841 

900 

935 

663,200 

ins  pit  butt  weld 

OPEN15 

5  rms 

77.50 

618 

669 

882 

886 

892 

708,800 

ins  pit  butt  weld 

OPEN16 

5  rms 

77.50 

624 

626 

827 

878 

857 

429,100 

ins  pit  butt  weld 

Figure  2  -  Strain  Gage  Layout  and  Data  for  Opening  Detail 
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Conventional  Component  Strain  Gage  Measurements 


Specimen 

Stress 

Load 

Gage 

Gage 

Gage 

Gage 

Gage 

ID 

(kst) 

(kips) 

#1 

#2 

#3 

#4 

#5 

BHD24 

7.5 

21.14 

247 

274 

311 

262 

328 

BHD19 

8.5 

24.74 

319 

261 

302 

353 

334 

BHD09 

8.5 

24.87 

286 

274 

355 

354 

350 

BHD36 

8.5 

23.97 

256 

265 

316 

393 

319 

BHD18 

8.5 

24.07 

208 

333 

337 

359 

379 

BHD15 

8.5 

24.50 

306 

316 

337 

349 

389 

BHD01 

10 

29.39 

295 

254 

443 

361 

395 

BHD04 

10 

27.52 

273 

275 

412 

373 

372 

BHD20 

10 

28.38 

409 

309 

357 

324 

392 

BHD21 

10 

28.21 

432 

436 

332 

380 

426 

BHD32 

10 

28.78 

368 

327 

685 

382 

406 

BHD13 

15 

42.98 

479 

639 

592 

591 

587 

BHD41 

15 

41.94 

629 

586 

610 

621 

661 

BHD40 

15 

41.96 

553 

550 

531 

543 

604 

BHD14 

15 

43.16 

506 

496 

637 

654 

641 

BHD27 

15 

42.45 

489 

579 

599 

535 

655 

BHD22 

20 

58.32 

772 

648 

800 

709 

856 

BHD10 

20 

58.18 

681 

859 

758 

936 

718 

BHD23 

20 

56.36 

749 

653 

868 

786 

783 

BHD26 

20 

54.10 

582 

477 

890 

646 

781 

BHD17 

20 

55.32 

676 

605 

803 

782 

756 

BHD16 

5  rms 

59.28 

563 

499 

1022 

854 

909 

BHD03 

5  rms 

59.30 

706 

644 

771 

927 

826 

BHD101 

5  rms 

62.43 

662 

786 

842 

941 

821 

BHD102 

5  rms 

64.19 

861 

1016 

789 

788 

853 

BHD13 

5  rms 

63.38 

788 

841 

793 

883 

892 

BHD05 

7  rms 

87.10 

1081 

1077 

1056 

1230 

1294 

BHD02 

7  rms 

87.19 

1039 

1062 

1170 

1318 

1326 

BHD07 

7  rms 

87.16 

991 

1160 

1272 

1229 

1363 

Gage 

Gage 

Gage 

Gage 

Gage 

Failure  Failure 

#6 

#7 

#8 

#9 

#10 

Cycles  Site 

282 

271 

319 

292 

304 

20,752,200  suspended 

337 

349 

325 

309 

321 

3.397,800  bhd  pit  dk  pit 

310 

326 

321 

335 

340 

2,049,800  bhd  flg  dk  flg 

337 

381 

358 

367 

412 

2.422,300  bhd  pit  dk  pit 

385 

371 

345 

338 

352 

2,094,000  bhd  pit  dk  pit 

372 

406 

362 

351 

378 

3.755,300  toe  bracket 

373 

351 

406 

347 

350 

1,912,300  bhd  flg  dkflg 

403 

357 

357 

421 

368 

1,513,000  bhd  pit  dk  pit 

429 

452 

376 

380 

373 

975,600  buttweld 

399 

390 

457 

426 

402 

2,303,500  buttweld 

417 

389 

366 

363 

381 

2,026,100  bhd  pit  dk  pit 
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631 

518 

540 

572 

496,000  bhd  pit  dk  pit 

666 

662 

588 

611 

718 

115,200  bhd  flg  dkflg 

599 

564 

603 

591 

564 

975,600  buttweld 

582 

603 

553 

582 

552 

510,800  bhd  pltdk  pit 

676 

615 

612 

600 

614 

437,400  butt  weld 

800 

777 

868 

837 

805 

154,400  bhd  flg  dkflg 

781 

761 

768 

735 

757 

184,000  bhd  pltdk  pit 

853 

811 

780 

747 

738 

211.300  bhd  flg  dkflg 

793 

724 

733 

766 

727 

156,900  bhd  pltdk  pit 

844 

795 

758 

849 

775 

216.200  toe  bracket 

850 

799 

786 

941 

848 

4,343,200  buttweld 

887 

857 

797 

923 

874 

2,297.100  bhd  flg  dkflg 

855 

888 

745 

788 

821 

1,812,100  buttweld 

840 

796 

747 

795 

836 

2,363,100  buttweld 

864 

854 

789 

799 

804 

2,497,400  toe  bracket 

1342 

1239 

1078 

1092 

1358 

1,271,900  toe  bracket 

1315 

1333 

1248 

1194 

1272 

807,000  buttweld 

1372 

1324 

1263 

1242 

1246 

892,300  bhd  pit  dk  pit 

Figure  3  -  Strain  Gage  Layout  and  Data  for  Bulkhead  Penetration  Detail 
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Stiffener  Splice  Strain  Gage  Measurements 


Specimen 

Stress 

Load 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Gage 

Failure  Failure 

ID 

(ksi) 

(kips) 

#1 

#2 

#3 

#4 

#5 

#6 

#7 

Cycles  Site 

SPLICE05 

12 

22.74 

715 

525 

610 

436 

536 

694 

46 

2,717,900  flg  @  gage  1 

SPLICE19 

12 

22.74 

537 

434 

494 

419 

532 

636 

51 

1,013,000  flg  @  gage  6 

SPLICE17 

12 

22.74 

572 

526 

687 

433 

615 

567 

50 

813,200  flg  @  gage  1  to  gage  3 

SPLICE08 

12 

20.69 

545 

523 

626 

398 

529 

535 

49 

2,193,700  flg  @  gage  1  to  gage  3 

SPLICE03 

15 

28.42 

782 

659 

700 

558 

654 

926 

61 

583,500  flg  @  gage  1  to  gage  3 

SPLICE06 

15 

28.42 

757 

619 

741 

532 

770 

820 

69 

776,200  flg  @  gage  5  to  gage  6 

SPLICE04 

15 

28.42 

750 

687 

724 

540 

821 

740 

61 

946,300  flg  @  gage  1  to  gage  3 

SPLICE16 

15 

28.42 

657 

667 

567 

562 

843 

749 

56 

1,151,600  flg  @  gage  5  to  gage  6 

SPLICE21 

20 

37.90 

729 

936 

1258 

723 

902 

885 

80 

196,800  flg  @  gage  3 

SPLICE23 

20 

37.90 

1028 

858 

992 

725 

1089 

1111 

83 

187,800  flg  @  gage  5  to  gage  6 

SPUCE09 

20 

37.90 

831 

762 

966 

703 

933 

1086 

92 

396,500  flg  @  gage  1  to  gage  3 

SPLICE22 

20 

37.90 

975 

770 

942 

732 

1221 

1145 

84 

199,500  flg  @  gage  1  to  gage  3 

SPLICE12 

30 

56.84 

1712 

1344 

1514 

1120 

1568 

1489 

116 

26,600  flg  @  gage  1  to  gage  3 

SPLICE30 

30 

56.84 

1734 

1380 

1449 

1104 

1506 

1373 

115 

24,100  flg  @  gage  3 

SPLICE24 

30 

56.84 

1549 

1285 

1645 

1104 

1654 

1600 

111 

43,300  flg  @  gage  5  to  gage  6 

SPLICE13 

30 

56.84 

1760 

1458 

1612 

1160 

1430 

1519 

91 

41,700  flg  @  gage  1  to  gage  3 

SPLICE20 

7.5  nms 

56.84 

1515 

1294 

1306 

1120 

1535 

1528 

108 

933,000  flg  @  gage  1 

SPLICE14 

7.5  rms 

56.84 

1625 

1329 

1494 

1085 

1577 

1727 

111 

581,700  flg  @  gage  6 

SPLICE02 

7.5  rms 

56.84 

1440 

1303 

1649 

1105 

1548 

1666 

114 

788,800  flg  @  gage  1  to  gage  3 

SPLICE18 

7.5  rms 

56.84 

1500 

1317 

1370 

1123 

1628 

2484 

108 

468,500  flg  @  gage  6 

SPLICE11 

10  rms 

75.80 

1975 

1724 

2078 

1535 

2328 

2102 

143 

168,200  flg  @  gage  5  to  gage  6 

SPLICE07 

10  rms 

75.80 

1745 

1485 

1723 

1398 

2193 

BADGAG 

201 

59,200  flg  @  gage  5  to  gage  6 

SPLICE15 

10  rms 

75.80 

1943 

1642 

1958 

1509 

2135 

1878 

139 

450,700  flg  @  gage  5  to  gage  6 

SPLICE10 

10  rms 

75.80 

2051 

1800 

2213 

1490 

2282 

2067 

135 

292,700  flg  @  gage  3 

Figure  4  -  Strain  Gage  Layout  and  Data  for  Stiffener  Splice  Detail 
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GMean  Histogram 


Histogram  of  Geometric  Mean/Predicted  Mean  Life 
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Figure  5  -  Summation  Constant  Distribution  Based  on  Average  Fatigue  Lives 
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NSWCCD-65-TR-1 998/23 
Individual  Histogram 


Histogram  of  Individual  Data/Predicted  M-2S 
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Figure  6  -  Summation  Constant  Distribution  Based  on  Individual  Fatigue  Data 


36 


NSWCCD-65-TR-1 998/23 

Table  1  -  Irregularity  Factor  and  Encounter  Frequency 
as  a  Function  of  Operational  Profile 


MATRIX  OF  IRREGULARITY  FACTOR  vs.  OPERATING  CONDITION 


IRREG 
..  FACTOR 

Hi 

5 

1AD  SE 
15 

:as 

25 

&c 

5 

OPER/ 
)tf  SE/ 
15 

ITING 

IS 

25 

CONDI 

SI 

5 

:tion 
:rn  qi 
15 

'R 

25 

FOI 

5 

-L  SE/ 
15 

ts 

25 

SUM 

Z 

d.  o-o.i 

■ 

■ 

0 

0.0 

0. 1-0.2 

9 

9 

0.2-0. 3 

44 

44 

D 

0.3-0. 4 

■ 

108 

108 

5.1 

0.4-0. 5 

9 

9 

0.4 

■ 

■ 

3 

3 

0.6-0. 7 

i 

■ 

■ 

■ 

15 

3 

22 

■& 

0.7-0. 8 

8 

■ 

■ 

78 

23 

| 

120 

59 

2 

290 

13.7 

0.8-0. 9 

138 

142 

■ 

■ 

93 

149 

41 

117 

.29 

■ 

.717 

33.9 

0. 9-1.0 

30 

34 

169 

17S 

■ 

KB 

176 

176 

■ 

■ 

145 

■ 

910 

43.1 

2112 

100.0 

MATRIX  OF  AVERAGE' ENCOUNTER  FREQUENCY  vs.  OPERATING  CONDITION 


AVE 

ENCTR 

FREQ 

HE 

_u 

.AD  SE 
15 

:as 

25 

BC 

_u 

OPER/ 
>W  SE/ 

2LI 

TING 

iS 

25 

CONDI 

SI 

5 
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rRN  Q1 
15  ! 

*R 

25 

FOI 

5 

-L  se; 
15 

IS 

25 

SUM 

z 

0.0-0. 2 

l 

■ 

■ 

■ 

| 

■ 

■ 

Hi 

3 

174 

177 

8.4 

gggg  | 

■ 

■ 

173 

2 

351 

16.6. 

0.4-0. 6 

■ 

20 

171 

■ 

m 

■ 

■ 

367 

wm 

0. 6-0.8 

141 

22 

. 

156 

5 

■ 

m 

■ 

■ 

■ 

324 

15.3 

0. 8-1.0 

33 

152 

■ 

■ 

107 

20 

■ 

■ 

■ 

312 

E& 

mm 

2 

2 

■ 

63 

151 

74 

19 

311 

14.7 

EBB 

■ 

■ 

5 

m 

85 

143 

■ 

■ 

237 

11.2 

ttBM 

■ 

■ 

2 

m 

■ 

13 

12 

■ 

27 

D 

1.6-1. 8 

■ 

■ 

| 

m 

Hi 

■ 

2 

2 

■ 

■D 

0.2 

1. 8-2.0 

2 

■ 

IB 

KB 

.  ! 

2112 

100.0 

(FREQUENCY  IN  RADIANS/SEC) 
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Table  2  (con’t)  -  Summary  of  Fatigue  Design  Code  Specifics  (from  Moan  1997) 
(A  Short  Summary  of  Different  Fatigue  Assessment  Procedures 
Available  for  Ship  Design) 
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Table  3  -  Categorization  of  Fatigue  Code  Details  and  S/N  Curves 


Type  of  Weld  Code: 

ECCS  (1985) 

BS5400  (1980)  AASHTO  (1989) 

DNV  (1984) 

Non-welded  Details 

Rolled  and  Extruded  products 

160 

A,B 

A 

B 

Sheared  or  gas  cut  plates 

140,125 

B,C 

A 

C 

Bolted  Connections 

140,36 

B 

B 

n/a 

Concrete  reinforcing  bars 

100 

n/a 

n/a 

n/a 

Welded  Built-up  Sections 

Continuous  Longitudinal  Welds 

125,(1 12)t100 

C,(D) 

B 

B 

Intermittent  Longitudinal  Welds 

80,71 

E 

E 

E 

Transverse  Butt  Welds 

Without  Backing  Bar 

11 2,(90), 80, 36 

D,(E) 

C 

C 

With  Backing  Bar 

71,50 

F 

n/a 

F 

Welded  Attachments  (non-load  carrying  welds) 

Longitudinal  Attachments 

90,80,71,50,45 

F.F2 

D.E 

F,F2 

Transverse  Attachments 

80,(71) 

(F),E 

C 

F 

Welded  Connections  (load  carrying  welds) 

Cruciform  Joints 

71,(36) 

F,(F2),W 

C 

F 

Overlapped  Welded  Joints 

63,45 

F2,G 

E 

F2 

Cover  Plates  on  Beams  and  Plate  Girders 

50,36 

G 

E 

G 

Welds  in  Shear 

80 

W,S 

F 

W 

Type  of  Weld  Code: 

ECCS 

BS5400  AASHTO  DNV 

(KSI  -  Stress  Range,  2.3%  Probability  of  Failure) 

Welded  Built-up  Sections 

Continuous  Longitudinal  Welds 

112 

D 

B 

B 

9.934 

9.667 

10.081 

11.653 

3 

3 

3 

4 

Transverse  Butt  Welds 

Without  Backing  Bar 

90 

E 

C 

C 

9.648 

9.500 

9.653 

10.692 

3 

3 

3 

3.5 

Welded  Attachments  (non-load  carrying  welds) 

Transverse  Attachments 

71 

F 

D 

F 

9.342 

9.287 

9.336 

9.286 

3 

3 

3 

3 

Welded  Connections  (load  carrying  welds) 

Cruciform  Joints 

36 

F2 

E 

F 

8.459 

9.120 

9.031 

9.286 

3 

3 

3 

3 

AWS  (1976) 


A 

A 

n/a 

n/a 

B 

E 

C 

n/a 

n/a 

C 

D 

n/a 

E 

F 


AWS 


B 

11.098 

4.159 

C 

10.123 

3.918 

C 

10.123 

3.918 

D 

9.132 

3.399 
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Table  5  -  Stress  Concentration  Factors  for  Test  Specimens 


Test 

Specimen 

Configuration 

SCF 

B 

Log(A)  (ksi) 

Std  Dev 

Ampl. 

Range 

log(Life) 

Flame  Cut  Edge 

n/a 

-3.705 

10.553 

11.668 

0.092 

HSLA  Continuous 
Cruciform  (FP) 

2.4 

@toe 

-3.210 

9.559 

10.525 

0.185 

HSLA  Discontinuous 
Cruciform  (FP)  j 

-3.307 

9.601 

10.597 

0.263 

HSLA  Discontinuous 
Cruciform  (PP) 

2.2@toe 

4.0@lop 

-2.686 

8.272 

9.081 

0.139 

HSLA  Misaligned 
Cruciform  (FP) 

4.8 

@toe 

-3.949 

9.733 

10.922 

0.227 

HSLA  Misaligned 
Cruciform  (PP) 

5.6@toe 

5.0@lop 

-3.349 

8.513 

9.521 

0.208 

HSLA  Insert  Plate 
(FP) 

E 

-5.090 

12.101 

13.633 

0.184 

HSLA  Insert  Plate 
(LOP  defect) 

n/a 

-4.009 

9.845 

11.051 

0.103 

HSLA  One-Sided 

Welds 

1.3 

@butt 

-3.298 

9.956 

10.949 

0.307 

HSLA  Same 

Thickness  Doubler 

2.1 

@toe 

-3.122 

9.179 

10.119 

0.490 

HSLA  Double  Thick 
Doubler 

1.4 

@toe 

-2.780 

8.843 

9.680 

0.555 

HSLA  Opening  Detail 

2.0  . 
@comer 

-3.480 

8.923 

9.971 

0.203 

HSLA  Stiffener  Splice 

n/a 

-4.250 

10.843 

12.122 

0.177 

HSLA  Bulkhead 
Penetration 

n/a 

-3.230 

9.427 

10.399 

0.169 

FP  -  Full  Penetration  Weld 
PP  -  Partial  Penetration  Weld 
LOP  -  Lack  of  Penetration 
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Note:  S/N  curve  is  of  the  power  iaw  form  and  "B”  does  not  change  during  the  transformation  of  logl 
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Appendix  A 

Linear  Exceedance  Curve  Approach 


A-l 


NSWCCD-65-TR-1 998/23 


Linear  Exceedance  Curve  Approach 


The  exceedance  curve  approach  outlined  previously  is  based  on  a  piecewise 
analysis  of  the  operational  profile.  Assuming  the  extrema  of  each  of  the  response 
conditions  are  Rayleigh  distributed,  the  number  of  cycles  exceeding  a  given  response  is 
cumulatively  determined  over  all  the  response  conditions.  Repeating  these  calculations 
for  several  other  response  values  results  in  a  set  of  response  values  and  corresponding 
number  of  cycles  exceeding  each  response  value  which  are  fit  to  a  Fourier  sine  series  of 
the  following  form. 


cr  =  E0-El  log  N  +  Ej  sin 


7T  log  N 


+  E4  sin 


1 

nlog  N 


+  E3  sin| 


+  E5  sin) 


^logiV^ 

2  J 

;rlog  N\ 

8  J 


In  the  following  analyses,  it  is  assumed  that  most  of  the  fatigue  damage  will  come 
from  the  cyclic  stresses  represented  by  the  first  two  terms  of  the  above  function.  The 
feasibility  of  this  assumption  was  considered  in  Appendix  B,  Sensitivity  of  Fatigue 
Parameters.  Considering  only  the  first  two  terms  renders  the  exceedance  curve  a  linearly 
decreasing  function  from  the  lifetime  maximum  value. 


ar  =  E0  -  Ex  log  Ne 

A  closed  form  expression  for  fatigue  damage  accumulation  can  be  obtained  by 

first  taking  the  derivative  of  the  exceedance  curve. 

da  _  E±  loge 
~dN~e~  nT~ 
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Solving  for  Ne  from  the  exceedance  curve  function,  noting  that  the  applied  cycles, 
n,  is  equal  to  -dNe ,  and  substituting  the  cycles  to  failure  from  the  usual  form  of  the 
constant  amplitude  S/N  curve,  allows  the  damage  to  be  written  as  a  function  of  the 
applied  stress,  a. 


- d<r 

AEy  log  e 


The  cumulative  damage  can  now  be  determined  by  integrating  the  above  equation 
from  zero  stress  to  the  maximum  lifetime  stress,  crmax. 


h. 

10  £‘ 

AEy  loge 


The  above  equation  can  be  solved  for  integer  values  of  B,  the  slope  of  the 
constant  amplitude  S/N  curve.  Although  the  integral  can  be  evaluated  for  any  integer 
value  of  B,  only  values  pertinent  to  fatigue  analyses,  i.e.,  B=  -2,  -3,  and  -4  will  be 
provided. 


For  B=  -2: 


i<v 


AEX  loge 


(  -a 


°max  ^max 

°LEy  10  £|  2cTmaxir12io  £' 
lnlO  (lnlO)2 


2  El 


10  E'  -1 


Y 


(lnlO)3 


A-4 


NS  WCCD-65-TR-1 998/23 


For  B=  -3: 


10' 


AEy  loge 


cr„ 


^,10 


lnlO 


*r2mEtlO. 

(lnlO)2 


6<rmax£,3f0 

(lnlO)3 


e, 


6E ,4 


10  *  -1 


(lnlO)4 


ForB=  -4: 


2>= 


10‘ 


AEX  loge 


^max  ~^max  ^nt 

glgi io  £l  jgL^io  £-  i2gLgio  £| 

in  10  (lnlO)2  (lnlO)3 


24crmax£'1410 

(lnlO)4 


24£,5 


(  -o 


10 


-1 


(lnlO)5 


Using  one  of  these  expressions,  the  fatigue  life  can  easily  be  calculated  from  the 
equation  below. 


Fatigue  Life  = 


Service  Life 

Y.D 


As  a  numerical  example,  with  A=109,  E0=24  ksi  and  Ei=3  ksi,  the  following  damage 
summations  are  calculated  for  each  of  the  S/N  curve  slopes. 

B  =  - 2  ££>  =  0.3395 

£  =  -  3  ££>  =  1.3270 

B  =  - 4  ££>  =  6.9152 
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If  one  now  considers  the  lifetime  distribution  of  stresses  to  be  exponentially- 
distributed,  the  largest  stress  expected  to  be  exceeded  once  in  108  cycles  can  be  found 
from  the  following  equation. 

^max  1  A  1 

^[a>SmaJ  =  l-  f  -e~edd  =  —r 

L  max  J  J  Q  1Qg 

From  this  equation  it  can  be  determined  that  the  characteristic  life,  0,  can  be 
expressed  in  terms  of  Smax  through  the  following  equation. 

e  e 

q  u  max  u  max 

"  ln(108)  "  18.42068 

Now,  to  determine  the  number  of  times  (cycles),  ,  a  fraction  of  Smax ,  say  aSmax  ’ 

is  exceeded,  a  methodology  similar  to  that  used  to  find  Smax  yields  the  following 
equation. 

ne  =  108e“lnl°  * 


If  one  now  solves  this  equation  for  several  values  of  a  and  takes  the  base  ten 
logarithm  of  the  exceeded  cycles,  one  finds  that  the  results  plot  as  a  linear  exceedance 
curve. 


Now,  consider  a  constant  amplitude  S/N  curve  of  the  usual  power  function  form 
with  coefficients  log(A)  and  B,  and  stresses  that  are  assumed  to  be  exponentially 
distributed,  then  the  expected  damage  per  cycle  can  be  calculated  from  the  following 
equation. 


E[D]  = 


1 

£[AT] 


e~s,0dS 


A 


e^T(}-E) 

A 
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With  the  same  relationship  used  before,  0=Smax  /18.42068,  the  total  damage 
expected  in  108  cycles  can  therefore  be  determined. 


D total 


^rq-R) 

^4(1 8.42068)  ~B 


108 


Evaluating  this  for  a  few  values  of  “B”,  the  slope  of  the  S/N  curve,  and  Smax  equal 
to  24  ksi  yields  the  following. 


for 

B  =  - 2 

=0.3395 

for 

B  =  -  3 

=1-3270 

for 

B  =  - 4 

•£dm  =6.9156 

Note  that  these  values  are  essentially  the  same  as  calculated  before.  In  reality, 
Smax  can  never  reach  a  value  of  infinity,  since  it  would  reach  its  yield  strength  first.  This 
is  reflected  in  the  upper  limit  of  integration  of  the  last  integral  and  produces  an 

a- 

incomplete  gamma  function.  This  effect,  however,  is  of  little  consequence  for  the  range 
of  stresses  involved  in  practical  ship  design  and  can  be  ignored. 

It  should,  however,  be  noted  that  the  use  of  exponentially  distributed  lifetime 
stresses,  whether  from  an  exceedance  curve  approach  or  from  the  closed  form  given 
above,  may  lead  to  erroneous  fatigue  damage  calculations.  Consider  the  following 
example.  Using  the  following  exceedance  curve  coefficients  which  were  determined 
from  a  lifetime  loads  analysis  of  a  typical  ship  and  typical  operational  profile,  E0=1 6.529 
ksi,  El=2.066  ksi,  E2=0.028  ksi,  E3=0.1 19  ksi,  E4=0.178  ksi,  and  E5=0.853  ksi,  with 
log(A)=9.0  and  B=-3,  results  in  fatigue  damage  of  0.545.  Using  only  the  first  two 
coefficients  (exponentially  distributed  lifetime  stresses)  results  in  less  fatigue  damage, 
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0.436.  This  means  that  the  exponentially  based  fatigue  life  is  25%  longer  than  the  fatigue 
life  based  on  the  exceedance  curve  approach,  a  non-conservative  estimate  of  fatigue  life. 
Similar  examples  can  be  presented  which  illustrate  conservative  estimates  (in  some  cases 
very  conservative  estimates)  of  exponentially  based  fatigue  life  prediction  compared  to 
that  obtained  from  the  exceedance  curve  approach. 

Since  the  results  of  the  exponentially  distributed  lifetime  stress  approach  do  not 
produce  consistently  conservative  fatigue  life  estimates,  this  model  should  be  used  with 
discretion.  Confident  use,  however,  may  be  possible  if  there  is  adequate  service 
experience  to  substantiate  its  results. 
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Appendix  B 

Sensitivity  of  Fatigue  Parameters 
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Sensitivity  of  Fatigue  Parameters 

This  appendix  illustrates  the  relative  sensitivity  of  the  final  fatigue  life  estimate, 
in  terms  of  percent  change  in  fatigue  life  produced  by  a  given  percent  change  in  each  of 
the  input  parameters.  This  type  of  analysis  provides  a  way  of  ranking  the  importance  in 
variability  of  each  input  parameter.  Sensitivity  of  parameters  used  in  both  the 
exceedance  curve  approach  and  the  Rayleigh  Approximation  equation  are  considered 
separately. 

The  exceedance  curve  approach  is  used  for  the  basis  of  the  first  analysis.  The 
exceedance  curve  is  represented  by  a  Fourier  sine  series  with  coefficients  EO  through  E5 
defining  the  tensile  stresses  and  coefficients  FO  through  F5  defining  the  compressive 
stresses.  The  parameter,  SW,  represents  the  stress  produced  by  the  still  water  bending 
moment. 
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By  separating  the  exceedance  curve  into  many  blocks,  the  average  maximum 
stress,  minimum  stress  and  number  of  applied  cycles  contained  within  each  block  can  be 
determined.  This  example  also  considers  mean  stress  effects,  which  are  accounted  for  by 
the  Modified  Goodman  correction  using  the  ultimate  tensile  stress,  Suit. 
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The  other  variables  include  the  service  life,  “Serv  Life”,  which  is  represented  by 
the  exceedance  curve  stresses,  and  the  scale  factor,  SF,  which  is  simply  used  to  scale  the 
stress  magnitudes  to  reflect  changes  in  section  modulus.  The  S/N  curve  is  represented  by 
four  parameters;  log(A)  and  B,  which  are  the  life  intercept  and  slope  parameters  of  the 
mean  S/N  curve;  and  STD  and  #STD,  which  are  the  standard  deviation  in  the  log(life) 
and  the  number  of  standard  deviations  from  mean  curve  that  define  the  probability  of 
failure. 

The  sensitivity  analysis  was  performed  by  changing  the  value  of  each  parameter, 
in  turn,  by  a  given  percent  and  then  calculating  the  corresponding  percent  change  in 
fatigue  life,  holding  all  other  parameters  at  their  nominal  (zero  percent  change)  value. 
Although  more  than  one  parameter  could  have  been  varied  at  a  time,  the  effect  of  varying 
only  one  parameter  was  considered. 

The  results  are  then  plotted  on  a  graph,  with  the  percent  change  in  the  parameter 
on  the  abscissa  and  the  percent  change  in  the  fatigue  life  on  the  ordinate  axis.  Input  data 
for  this  analysis  are  located  at  the  top  of  Table  B-l .  Results  of  the  exceedance  curve 
parameter  sensitivity  analysis  are  located  in  Table  B-2  and  shown  plotted  in  Figures  B-l 
through  B-3. 

Those  parameters  that  produce  a  large  change  in  fatigue  life  are  the  most 
important  and  exhibit  larger  slopes  than  the  other  parameters.  The  S/N  curve 
coefficients,  log(A)  and  B,  the  first  two  coefficients  of  the  stress  exceedance  curve,  Eo, 
Ei,  F0,  Fi,  and  the  scale  factor,  SF,  are  found  to  produce  the  most  change  in  fatigue  life 
per  percent  change  in  the  parameter  value.  Standard  deviation,  STD,  and  service  life, 
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Serv.  Life,  exhibit  the  next  highest  change  in  fatigue  life  per  percent  change  in  parameter 
value.  The  remaining  parameters  exhibit  very  little  change  in  fatigue  life  per  percent 
change  in  the  parameter  value. 

The  sensitivity  of  parameters  used  in  the  Rayleigh  Approximation  formula  was 
considered  next.  The  Rayleigh  Approximation  formula,  given  below,  uses  four 
parameters  to  estimate  fatigue  life  in  cycles,  N;  the  S/N  curve  coefficients,  log(A)  and  B, 
the  standard  deviation  of  the  S/N  curve  to  produce  other  than  mean  (50%)  probability  of 
failure,  and  the  RMS  stress,  a,  which  defines  the  Rayleigh  distribution  of  stresses. 


The  analysis  was  performed  the  same  as  that  described  for  the  exceedance  curve 
approach,  with  the  results  plotted  in  a  similar  manner.  Input  parameters  for  this  analysis 
are  also  included  in  Table  B-l .  Results  are  provided  in  Table  B-3  and  shown  plotted  in 
Figure  B-4.  Results  again  show  the  S/N  curve  coefficients  and  the  RMS  stress  to  be  the 
most  sensitive  parameters,  producing  the  highest  percent  change  in  fatigue  life  per 
percent  change  in  parameter  value.  The  S/N  curve  standard  deviation  STD  was  found  to 
produce  the  lowest  percent  change  in  fatigue  life  per  percent  change  in  parameter  value. 

It  should  be  noted  that  these  results  are  only  intended  to  indicate  the  sensitivity  of 
the  parameters  used  in  fatigue  life  estimation.  The  actual  values  would  change  depending 
on  the  input  values  of  the  parameters,  but  the  general  trends  shown  here  are  expected  to 
be  indicative  of  most  typical  cases. 
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Figure  B-l  -  Sensitivity  of  Exceedance  Curve  Fatigue 
Parameters  (1st  set  of  parameters) 
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Figure  B-3  -  Sensitivity  of  Exceedance  Curve  Fatigue 
Parameters  (3rd  set  of  parameters) 
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Table  B-1  -  Initial  Parameter  Values  used  in  Sensitivity  Analysis 


STD 

0.2 

RMS 

5  ksi 

#  STD 

2 

Suit 

100  ksi 

log(A) 

9 

Scale  Fctr 

1 

B 

-3 

Serv  Life 

30  yrs 

SW 

7.7893  ksi 

EO 

23.2826  ksi 

FO 

33.0991  ksi 

El 

2.9103  ksi 

FI 

4.1374  ksi 

E2 

0.0012  ksi 

F2 

-0.0019  ksi 

E3 

0.014  ksi 

F3 

0.1176  ksi 

E4 

0.0072  ksi 

F4 

0.2729  ksi 

E5 

0.6559  ksi 

F5 

0.3878  ksi 
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Table  B-2  -  Sensitivity  of  Exceedance  Curve  Fatigue  Parameters 


%Diff 

STD 

log(A) 

B 

Suit 

SF 

Sen/.  Life 

-10 

9.65 

-87.41 

68.7 

-2.46 

40.25 

-10 

-8 

7.65 

-80.95 

52.28 

-1.93 

30.72 

-8 

-6 

5.68 

-71.16 

37.3 

-1.42 

22.01 

-6 

-4 

3.75 

-56.35 

23.67 

-0.93 

14.04 

-4 

-2 

1.86 

-33.93 

11.26 

-0.45 

6.72 

-2 

0 

0 

0 

0 

0 

0 

0 

2 

-1.83 

51.36 

-10.22 

0.44 

-6.19 

2 

4 

-3.62 

129.09 

-19.47 

0.86 

-11.89 

4 

6 

-5.38 

246.74 

-27.84 

1.27 

-17.16 

6 

8 

-7.1 

424.81 

-35.41 

1.66 

-22.02 

8 

10 

-8.8 

694.33 

-42.23 

2.04 

-26.53 

10 

%Diff 

Sw 

E0 

El 

E2 

E3 

E4 

E5 

-10 

2.53 

112.26 

-48.98 

0 

-0.02 

-0.02 

1.04 

-8 

2.02 

84.39 

-41.48 

0 

-0.02 

-0.01 

0.83 

-6 

1.51 

58.87 

-32.92 

0 

-0.01 

-0.01 

0.62 

-4 

1.01 

36.31 

-23.2 

0 

-0.01 

-0.01 

0.42 

-2 

0.5 

16.77 

-12.26 

0 

0 

0 

0.21 

0 

0 

0 

0 

0 

0 

0 

0 

2 

-0.5 

-14.4 

13.67 

0 

0 

0 

-0.21 

4 

-1 

-26.73 

28.88 

0 

0.01 

0.01 

-0.41 

6 

-1.5 

-37.27 

45.6 

0 

0.01 

0.01 

-0.62 

8 

-1.99 

-46.24 

63.59 

0 

0.02 

0.01 

-0.82 

10 

-2.49 

-53.85 

82.26 

0 

0.02 

0.02 

-1.03 

%Diff 

F0 

FI 

F2 

F3 

F4 

F5 

-10 

141.38 

-58.17 

0 

-0.2 

-0.58 

0.54 

-8 

112.9 

-50.16 

0 

-0.16 

-0.46 

0.43 

-6 

79.74 

-40.53 

0 

-0.12 

-0.35 

0.32 

-4 

48.66 

-29.07 

0 

-0.08 

-0.23 

0.22 

-2 

22.02 

-15.61 

0 

-0.04 

-0.12 

0.11 

0 

0 

0 

0 

0 

0 

0 

2 

-18.1 

17.93 

0 

0.04 

0.12 

-0.11 

4 

-32.92 

38.33 

0 

0.08 

0.23 

-0.21 

6 

-44.96 

60.62 

0 

0.12 

0.35 

-0.32 

8 

-54.68 

82.86 

0 

0.16 

0.46 

-0.43 

10 

-62.5 

100.89 

0 

0.2 

0.58 

-0.54 
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Table  B-3  -  Sensitivity  of  Rayleigh  Approximation  Fatigue  Parameters 


%Diff 

STD 

log(A) 

B 

RMS 

-10 

9.65 

-87.41 

98.7 

37.17 

-8 

7.65 

-80.95 

73.36 

28.42 

-6 

5.68 

-71.16 

51.19 

20.4 

-4 

3.75 

-56.35 

31.79 

13.03 

-2 

1.86 

-33.93 

14.82 

6.25 

0 

0 

0 

0 

0 

2 

-1.83 

51.36 

-12.95 

-5.77 

4 

-3.62 

129.09 

-24.25 

-11.1 

6 

-5.38 

246.74 

-34.12 

-16.04 

8 

-7.1 

424.81 

-42.72 

-20.62 

10 

1 

00 

bo 

694.33 

-50.23 

-24.87 
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Appendix  C 

Detailed  Geometry  of  Test  Specimens  and  Components 
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Appendix  D 

Stiffener  Splice  Component  Stress  Calculations 
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Stiffener  Splice  Component  Stress  Calculations 

Consider  the  following  member  with  externally  applied  axial  loads  and  end 
moments.  The  entire  member  is  assumed  to  be  symmetric  about  “D”. 

rot 

The  problem  is  to  determine  the  stress  at  “C”  in  terms  of  the  geometry  and 
externally  applied  loads.  To  proceed,  the  member  and  loads  shown  above  are  separated 
into  three  free  body  diagrams. 


Ae,  J-e 


Considering  the  middle  free  body  diagram,  the  summation  of  moments  about  “B” 
is  taken  and  set  equal  to  zero. 


2>,=° 

Me  =  Mc  -Pe 

Considering  the  first  free  body  diagram,  the  rotation  of  end  “B”  can  be  calculated 
from  the  section  properties  and  applied  moments. 
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Likewise,  the  rotation  at  the  end  “C”  of  the  middle  free  body  diagram  can  be 
calculated  assuming  linearly  changing  section  properties  and  lines  of  action. 


0c  =  — 

c  EIe 


M  Ea  \  Me  +  Pe(x/b) 


i  E(Ic-IE)x/b  +  IE 
a  b 


■dx 


h  Vc-h) 


log 


f  I  ^ 

1C. 

\^E  J 


Peb 


E(IC -IE) 


1  +  - 


L 


ifc  ~h) 


log 


( I  ^ 

1  E 

v4/j 


The  rotation  at  the  end  “C”  of  the  third  free  body  diagram  can  also  be  calculated. 


Mc 


El 


Setting  the  rotations  at  “C”  equal  to  each  other  to  satisfy  continuity  yields  the 
following. 


M 


c  ~ 


Pe\ 


a  + 


\ 


&(log(r)-l)  blogQ/y)' 

(y- 1)  (y-  D2  j 

(  [  Mog(y)  |  <0 

l  (y- 1)  r) 


For  the  geometry  of  the  stiffener  splice  detail,  the  stress  in  the  flange  of  the  mid¬ 
length  section  is  related  to  the  applied  axial  load,  P,  by  the  following  equation. 


McCf\g 

4 


=  °-5277  pups 
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Appendix  E 
Fatigue  Test  Results 
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Fatigue  Test  Results 

The  following  pages  contain  the  results  of  many  fatigue  tests  performed  on  a 
variety  of  welded  structural  details.  The  information  contained  in  each  set  includes  an 
abbreviated  description  of  each  detail,  type  of  steel,  type  of  loading,  nominal  thickness, 
fabricator  and  configuration.  Also  included  in  each  set  is  a  detail  number  that  helps  to 
distinguish  details  from  one  another  in  other  tables  in  this  report.  The  constant  amplitude 
fatigue  data,  applied  stress  amplitude  and  cycles  to  failure,  are  presented  along  with 
statistics  obtained  from  the  regression  analysis  and  a  plot  of  the  resulting  S/N  curve  with 
data  superimposed;  data  not  used  in  the  regression  analysis  are  also  listed.  Results  of 
tests  conducted  under  random  narrowband  (Rayleigh  distributed)  loadings  are  included 
along  with  a  figure  of  the  test  specimen  showing  the  general  size  and  configuration. 

The  following  commentary  provides  a  brief  description  of  each  test  specimen 
detail.  Detail  #1  is  a  small  cruciform  shaped  specimen,  made  of  HSLA-80  steel, 
fabricated  in  a  shipyard  and  tested  under  three  point  bending  loads.  The  fillet  welds  are 
full  penetration  and  the  long  piece  of  the  specimen  is  continuous. 

Details  #2,  #4,  #6  and  #7  are  all  continuous  cruciform  configurations  of  1/4”, 
7/16”,  3/4”  and  1”  thick  HSLA-80  steel,  respectively.  They  were  fabricated  in  a 
shipyard.  All  specimens  were  tested  under  axial  loads.  The  fillet  welds  are  full 
penetration,  but  non-load  carrying.  Details  #12  and  #15  are  similar,  except  that  they  were 
fabricated  at  NSWCCD  of  1/2”  thick  high  strength  (HS)  and  ordinary  strength  (OS)  steel, 
respectively. 

Detail  #3  is  also  a  continuous  cruciform,  and  identical  to  detail  #4,  except  that 
fabrication  was  performed  at  NSWCCD.  Detail  #5  is  therefore  a  combination  of  Detail 
#3  and  Detail  #4  data. 

Detail  #8  is  a  discontinuous  cruciform,  having  load  carrying  full  penetration  fillet 
welds.  Specimens  were  fabricated  from  7/16”  thick  HSLA-80  plate  at  NSWCCD. 
Specimens  were  tested  under  axial  load.  Details  #13  and  #16  are  similar,  except  that  they 
were  fabricated  from  1/2”  HS  and  OS  steel  plate,  respectively,  at  NSWCCD.  Detail  #10 
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is  also  a  discontinuous  cruciform  configuration,  but  with  load  carrying  partial  penetration 
fillet  welds.  Specimens  were  fabricated  from  1/2”  thick  HSLA-80  steel  at  NSWCCD. 

Detail  #9  is  a  misaligned  discontinuous  cruciform.  The  loaded  member  is  offset 
by  half  the  thickness  (1/4”).  The  specimens  were  fabricated  at  NSWCCD  from  3/4”  thick 
HSLA-80  steel  plate  machined  down  to  1/2”  thickness.  Fillet  welds  are  all  full 
penetration  and  load  carrying.  Details  #14  and  #17  are  similar,  except  that  they  are 
fabricated  from  HS  and  OS  steel  plate,  respectively.  Detail  #1 1  is  also  a  misaligned 
discontinuous  cruciform  configuration,  but  with  load  carrying  partial  penetration  fillet 
welds.  Specimens  were  similarly  fabricated  at  NSWCCD  from  3/4”  thick  HSLA-80 
steel,  machined  down  to  1/2”,  and  offset  by  1/4”. 

Detail  #18  is  a  large-scale  “conventional”  component  representing  the  intersection 
of  longitudinal  deck  plating  and  stiffener,  with  transverse  bulkhead  plating  and  stiffener. 
The  deck  plate  contains  a  transverse,  full-penetration  butt  weld.  The  bulkhead  stiffener 
lands  on  toe  brackets,  and  the  deck  stiffener  contains  lapped  watertight  collars  where  it 
penetrates  the  bulkhead  plating.  Plating  and  stiffener  webs  were  made  of  3/16”  thick 
•  steel  and  the  stiffener  flanges  were  made  of  1/4”  thick  steel.  The  type  of  steel  (HS  or 
HSLA-80)  and  the  fabricator  (shipyard  or  NSWCCD)  are  indicated  with  the  data.  Loads 
were  applied  axially  through  the  calculated  neutral  axis.  Loadings  for  this  set  of  data 
were  all  “tension-only”  at  approximately  R=0.  Detail  #19  was  similar,  except  that  the 
bulkhead  stiffener  is  sniped  back  away  from  the  deck  stiffener  and  the  watertight  collars 
were  flush  instead  of  lapped.  Detail  #20  was  similar  to  Detail  18,  except  the  deck 
stiffener  was  discontinuous  at  the  bulkhead  plate  and  therefore  no  watertight  collars  were 
present.  All  Detail  #19  and  #20  specimens  were  made  of  HSLA-80  steel  and  loaded 
axially  at  approximately  R=0.  Detail  #21  components  were  identical  to  the  Detail  #18 
components.  All  were  fabricated  in  a  shipyard  from  HSLA-80  steel  and  loaded  under 
fully  reversed  loadings.  Dimensions  of  this  component  can  be  found  in  Appendix  C. 

Each  component  was  instrumented  with  strain  gages  that  were  monitored  prior  to  testing. 

Detail  #22  represented  a  full-scale  stiffener  splice  detail.  Due  to  the  shift  in 
neutral  axis,  the  relationship  between  applied  load  and  resulting  stress  is  contained  in 
Appendix  D.  These  components  were  fabricated  in  a  shipyard  from  HSLA-80  steel  and 
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axially  loaded.  Dimensions  of  this  component  can  be  found  in  Appendix  C.  Each 
component  was  instrumented  with  strain  gages  that  were  monitored  prior  to  testing. 

Detail  #23  represents  a  large-scale  reinforced  opening  detail.  The  opening  is 
reinforced  with  coaming,  which  contains  a  butt  weld,  and  heavier  plating  around  the 
comers  of  the  openings  than  at  the  center.  These  details  were  fabricated  at  NSWCCD 
from  HSLA-80  steel.  Dimensions  can  be  found  in  Appendix  C.  Due  to  the  complexity 
of  the  detail,  applied  axial  load  was  based  on  the  far  field  stress  away  from  the  opening. 
Each  specimen  was  instrumented  with  strain  gages  that  were  monitored  prior  to  testing. 

Detail  #24  was  simply  configured  from  1/2”  HSLA-80  baseplate  that  was  flame- 
cut  at  NSWCCD  into  large  “dog-bone”  shaped  specimens.  No  welding  was  applied  to 
any  of  these  specimens.  Specimens  were  subjected  to  fully  reversed  axial  load. 

Detail  #25  represents  an  insert  plate,  where  1/4”  thick  HSLA-80  plate  is  welded 
between  two  pieces  of  1/2”  thick  HSLA-80  plate,  maintaining  a  flush  surface  on  one  side. 
The  welds  were  all  full-penetration,  however,  examination  of  the  first  specimens  tested 
revealed  lack  of  penetration  at  the  root  of  the  weld.  A  new  batch  of  “good  weld” 
specimens  was  fabricated  and  designated  Detail  #25.  The  “poor  weld”  data  were 
designated  as  Detail  #26.  Applied  load  was  determined  based  on  axial  stress  in  the 
thinner  plate.  Specimens  were  fabricated  at  NSWCCD  and  subjected  to  fully  reversed 
axial  load. 

Detail  #27  represented  a  one-sided  weld  configuration  with  a  permanent  backing 
bar.  Specimens  were  fabricated  at  NSWCCD  from  1/2”  thick  HSLA-80  plate. 

Specimens  were  subjected  to  fully  reversed  axial  load. 

Detail  #28  represented  a  doubler  plate  having  the  same  thickness  as  the  plate  to 
which  it  was  attached.  The  welds  were  initiated  and  terminated  along  the  short  edge  of 
the  doubler  plate,  transverse  to  the  applied  load.  Detail  #29  was  similar  to  Detail  #28, 
except  that  the  doubler  plate  was  twice  the  thickness  of  the  plate  to  which  it  was  attached. 
Both  types  of  details  were  fabricated  at  NSWCCD  from  1/2”  HSLA-80  plate  (and  1” 
thick  HSLA-80  plate  for  the  double  thickness  doubler  specimen).  Specimens  were 
subjected  to  fully  reversed  axial  load. 
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Data  Index 


Specimen  # 

Detail 

Page 

1 

Bending  HSLA  Syd  7/16” 

E-7 

2 

HSLA  Continuous  Cruciform  Syd  1/4” 

E-9 

3 

HSLA  Continuous  Cruciform  Lab  7/16” 

E-11 

4 

HSLA  Continuous  Cruciform  Syd  7/16” 

E-13 

5 

HSLA  Continuous  Cruciform  Lab  +  Syd  7/16” 

E-15 

6 

HSLA  Continuous  Cruciform  Syd  3/4” 

E-17 

7 

HSLA  Continuous  Cruciform  Syd  1" 

E-19 

8 

HSLA  Discontinuous  Cruciform  Lab  7/16” 

E-21 

9 

HSLA  Misaligned  Cruciform  Lab  1/2” 

E-23 

10 

HSLA  Discont.  Cruciform  Partial  Penetration  1/2” 

E-25 

11 

HSLA  Misaligned  Cruciform  Partial  Penetration  1/2” 

E-27 

12 

HS  Continuous  Cruciform  Lab  1/2” 

E-29 

13 

HS  Discontinuous  Cruciform  Lab  1/2” 

E-31 

14 

HS  Misaligned  Cruciform  Lab  1/2” 

E-33 

15 

OS  Continuous  Cruciform  Syd  1/2” 

E-35 

16 

OS  Discontinuous  Cruciform  Lab  1/2” 

E-37 

17 

OS  Misaligned  Cruciform  Lab  1/2” 

E-39 

18 

Conventional  Struc.  Comp.  (Approx.  R  =  0) 

E-41 

19 

Sniped  Structural  Comp.  (Approx.  R  =  0) 

E-43 

20 

Intercostal  Components  (Approx.  R  =  0) 

E-45 

21 

HSLA  Conventional  Components 

E-47 

22 

HSLA  Stiffener  Splice  R  =  1 

E-49 

23 

HSLA  Opening  Detail  R  =  -1 

E-51 

24 

HSLA  Flame  Cut  Edge  Specimen  R  =  -1 

E-53 

25 

HSLA  Insert  Plate  Specimen  R  =  -1 

E-55 

26 

HSLA  Insert  Plate  Poor  Weld  Specimen  R  =  -1 

E-57 

27 

HSLA  One-Sided  Weld  Specimen  R  =  -1 

E-59 

28 

HSLA  Single  Thickness  Doubler  Spec.  R  =  -1 

E-61 

29 

HSLA  Double  Thickness  Doubler  Spec.  R  =  -i 
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#1  Bending  HSLA  SYD  7/16" 

Steel  Type: 

HSLA-80 

Loading: 

Bending  R=-1 

Thickness: 

7/16" 

Fabricator: 

Shipyard 

Configuration: 

Cruciform,  non-load  carrying  fi 

Net  welds 

Stress 

Fatigue 

#1  BENDING  HSLA  SYD  7/16" 

Amplitude 

Life 

(KSI) 

(Cycles) 

inn  -^-4 

HBHI 

Hi 

— 

■Ml 

—1 

■hi 

IMBi 

"1 

"777 

TTTI  1 

60 

20,300" 

co 

* 

UJ 

Q 

3 

_J 

Q- 

s 

< 

CO 

CO 

‘ 

CO 

— 

2 

IIHIS 

HUM 

- 

■■■ 

■ii 

mmm 

F 

■■II 

■■ 

■HI 

Hi 

■ 

■  II 

Ml  BP* 

— 

HI 

■ 

■III 

■ 

■ 

■III 

- 

■ 

\\\\WM 

60  1 

52,500 

- 

■ 

IIIB^ 

mm 

■ 

II 

■H 

■III 

1 

■ 

... 

■ 

I 

\\\m 

m 

iki 

IliH 

II 

■ 

■III 

Hi 

■ 

1 

... 

60 

44,100 

■ 

■ 

■ 

iii: 

:;o 

1 

II 

■ 

llll 

1 

... 

60 

97,100 

■ 

1 

i 

i 

m 

■ 

ft 

HI 

■ 

1111 

1 

1 

1  45 

n  79,600 

I 

I 

i 

1 

III! 

■ 

i 

IB 

i 

■ 

H 

1 

1 

45 

l"~  138,000 

1 

i 

l 

i 

i 

i 

i 

[  45 

126,000 

45 

67,200] 

10 

> 

30 

264,800 

1.00E+03  1 .00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 

30 

340,800 

30 

^  720,700 

1  30 

4,360,800 

20 

19,849,400 

1 

Regression  Output: 

20 

15,125,600 

1 

ntercept 

log(Aamp) 

13.617 

log(Arng) 

15.161 

Slope 

-5.130 

Std  ErrofYEst 

0.378 

COV 

0.581 

Constant  amplitude  data  not  used  1 

R  Squared 

0.852 

No.  of  Observations 

14 

Stress 

Fatigue 

Degrees  of  Freedom 

12 

Amplitude 

Life 

Comments 

(KSI) 

(Cycles) 

20 

20,000,000 

Runout 

20 

20,000,000 

Runout 

12 

2,609,900 

Suspended 
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#2  HSLA  CON 

TINUOUS  CRUCIFORM  SYD  1/4" 

Steel  Type: 

HSLA-80 

Loading: 

Axial  R=  -1 

Thickness: 

1/4" 

Fabricator: 

Shipyard 

Configuration: 

Cruciform,  continuous,  non-load  carrying  fillet  welds 

Stress 

Fatigue 

#2  HSLA  CONTINUOUS  CRUCIFORM  SYD  1/4" 

Amplitude 

Life 

(KSI) 

(Cycles) 

1  uu  • 

<73 

* 

Ui 

a 

D 

5  io- 

12 

3,470,700 

12 

1,243,700 

^ 

AA - 

12 

1,288,500 

► 

12 

10,697,300 

15 

348,000 

2 

< 

<0 

O) 

tt! 

& 

— 

15 

237,100 

15 

764,700 

15 

582,700 

1 

30 

167,500 

1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 

30 

123,300 

30 

47,100 

30 

61,600 

45 

4,130 

Regression  Output: 

45 

7,390 

Intercept 

log(Aamp) 

10.714 

45 

8,160 

log(Arng) 

WKBESSl 

45 

7,510 

Slope 

EfpspHSi 

Std  ErrofYEst 

1 

COV 

0.554 

R  Squared 

0.892 

No.  of  Observations 

16 

Degrees  of  Freedom 

14 
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#3  HSLA  CONTINUOUS  CRUCIFORM  LAB  7/16 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA-80 
Axial  R=  -1 
7/16" 
NSWC 


Configuration:  Cruciform,  continuous,  non-load  carrying  fillet  welds 


Stress 

Amplitude 


Fatigue 

Life 


#3  HSLA  CONTINUOUS  CRUCIFORM  LAB  7/16” 


(KSI) 

(Cycles) 

45 

14,500" 

45 

14,800 

45 

18,000 

30 

66,500 

30 

61,900 

30 

7 

30 

8 

2,800 

iMiiiiii 

■■■■Hill 

Eiiiiiiii 

mini 

■S7aVU* 


79,100 

572,000 

779,500 


1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 


15 

515,000 

Regression  Output: 

15 

229,200 

Intercept 

log(Aamp) 

9.559 

15 

1,071,600 

log(Arng) 

1 

12 

775,600 

Slope 

- 

12 

3,732,900 

Std  ErrofYEst 

- - - , — — 

1,118,600 


12 

1,392,000 

No.  of  Observations 

20 

Degrees  of  Freedom 

18 
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Random  Fatigue  Data  (Narrowband,  Zero  Mean) 


RMS 


Stress 


(KSI) 


Fatigue 


Life 


(Cycles) 


16,113,100 

24,154,300 

50,539,400 


2,685,000 


5,496,200 


7,863,200 


4,240,000 


1,504,200 


1,111,300 


1,178,100 


1,216,300 


488,000 


686,700 


10 

901,700 

10 

463,000 

15 

93,600 

15 

112,600 

13,000 


14,300 


17,300 


14,400 
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#4  HSLA  CONTINUOUS  CRUCIFORM  SYD  7/16" 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA-80 
Axial  R-  -1 
7/16" 
Shipyard 


Configuration:  Cruciform,  continuous,  non-load  carrying  fillet  welds 


Stress 

Amplitude 

(KSI) 

12 

12 

12 

12 

15 

15 

15 

15 

30 

30 

30 

30 

45 

45 

45 

45 


Fatigue 

Life 

(Cycles) 

3,754,600 

2,073,800 

1,262,100 

1.586.500 

1.346.500 
487,100 
512,600 

1,206,900 

54,800 

19.600 

80.600 
41,400 

9,230 

16,430 

11,310 

18,660 


#4  HSLA  CONTINUOUS  CRUCIFORM  SYD  7/16" 


1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: _ 

Intercept  llog(Aamp)" 


_ log(Arng) 

Slope _ 

Std  Err  of  Y  Est 


COV _ 

R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 


10.432 


11.592 

-3.855 

0.210 


0.383 

0.953 

^ _ 16 

14 
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|#5  HSLA  CONTINUOUS  CRUCIFORM  LAB+SYD  7/16" 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA-80 _ 

Axial  R=  -1 _ 

7/16"  1 

Shipyard  &  NSWC 


Configuration:  Cruciform,  continuous,  non-load  carrying  fillet  welds 


Stress 

Amplitude 

(KSI) 

12 

12 

12 

12 

15 

15 

15 

15 

30 

30 

30 

30 

45 

45 

45 

45 


12 

12 


12 

12 

12 

15 

15 


15 

15 

15 

30 

30 

30 

30 


30 

45 


45 

45 


45 

45 


Fatigue 

Life 

(Cycles) 

3,754,600 

2,073,800 

1,262,100 

1.586.500 

1.346.500 
487,100 
512,600 

1,206,900 

54,800 

19.600 

80.600 
41,400 

9,230 

16,430 

11,310 

18,660 


775,600 
3,732,900 ' 


1,118,600 
810,800  ~ 
1,392,000 
572,000 ' 
779,500 ' 


515,000 
229,200 
1,071,600 
66,500 
61,900 ' 
70,600 
82,800 ' 


79,100 

14,500 


14,800 

16,300 


23,200 

18,000 


#5  HSLA  CONTINUOUS  CRUCIFORM  LAB+SYD 
7/16" 


1.00E+03  1.00E+04  1.00E+05  1.00E+06 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 
Intercept  log(Aamp) 

_ log(Arng) 

Slope _ 


Std  ErrofYEst 
COV _ 


R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 
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Random  Fatigue  Data  (Narrowband,  Zero  Mean) 


RMS 

Stress 


Fatigue 

Life 


Geometric 

Mean 


(KSI) 

(Cycles) 

(KSI) 

<c 

10 

474,500 

10 

283,100 

10 

315,300 

10 

821,000 

18,229,100 


7,236,000 


16,113,100 


24,154,300 


50,539,400 


4,407,800 


4,002,000 

5,829,700 


5,102,600 


4,578,400 


2,685,000 


5,496,200 


7,863,200 


4,240,000 


1,504,200 


1,111,300 


1,178,100 


1,216,300 


4,770,300 


1,244,100 


10 

488,000 

10 

686,700 

10 

901,700 

10 

*  463,000 

513,900 

15 

93,000 

15 

63,900 

15 

53,600 

93,600 

112,600 

128,000 

141,200 

94,300 
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Slope _ 

Std  Err  of  Y  Est 


COV _ 

R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 
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#7  HSLA  CON' 

riNUOUS  CRUCIFORM  SYD  1" 

Steel  Type: 

HS  LA-80 

Loading: 

Axial  R=  -1 

Thickness: 

1" 

Fabricator: 

Shipyard 

Configuration: 

Cruciform,  continuous,  non-load  carrying  fillet  welds 

#7  HSLA  CONTINUOUS  CRUCIFORM  SYD  1" 

_  100 
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12 

15 

II 
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■■ 
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■■ 
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mu 
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HI 

1 

II 

III 

•II 

linH 

15 

167,100 

1  .OOE+03  1 .00E+04  1 .00E+05  1  .OOE+06  1 .00E+07  1 .00E+08 

FATIGUE  LIFE  (CYCLES) 

15 

157,200 

15 

150,500 

30 

22,200 

30 

23,700 

Regression  Output: 

30 

24,700" 

Intercept 

log(Aamp) 

8.389 

30 

20,600 

log(Arng) 

9.211 

-2.732 

Std  ErrofYEst 

0.068 

COV 

0.145 

R  Squared 

0.982 

No.  of  Observations 

12 

Degrees  of  Freedom 

10 
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Steel  Type: 


#8  HSLA  DISCONTINUOUS  CRUCIFORM  LAB  7/16” 


HSLA-80 


Loading: 


Axial  R=  -1 


Thickness: 


7/16" 


Fabricator: 


NSWC 


Configuration: 


Cruciform,  discontinuous,  load  carrying  fillet  welds 


Stress 


Fatigue 


Amplitude 


Life 


(KSI) 


(Cycles) 


15 


276,500 


15 


15 


1,011,300 

744,100 


15 


227,300 


15 


479,400 


30 


192,800 


30 


33,400 


30 


82,100 


30 


33,200 


30 


78,400 


45 


17,500 


#8  HSLA  DISCONT.  CRUCIFORM  LAB  7/16" 


FATIGUE  LIFE  (CYCLES) 


Regression  Output: 


45 


15,300 


Intercept 


45 


11,100 


log(Aamp) 


9.601 


log(Arng) 


10.597 


45 


7,190 


Slope 


-3.306 


45 


9,830 


Std  Err  of  Y  Est 


0.263 


COV 


0.454 


R  Squared 


0.876 


Constant  amplitude  data  not  used 


No.  of  Observations 


15 


Stress 


Amplitude 


Fatigue 


Life 


Degrees  of  Freedom 


13 


Comments 


(KSI) 


(Cycles) 


10 


17,625,500 


Suspended 


10 


1,382,400 


10 


1,455,900 


10 


22,166,000 


Runout 


10 


10,841,600 


Suspended 


E-21 


NS  WCCD-65-TR-1 998/23 
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#9  HSLA  MISALIGNED  CRUCIFORM  LAB  1/2" 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA-80 
Axial  R=  -1 
1/2" 

NSWC 


Configuration:  Cruciform,  misaligned,  load  carrying  fillet  welds 


Stress 

Amplitude 

(KSI) 

10 

10 

10 

10 

15 

15 

15 

15 

30 

30 

30 

30 


Fatigue 

Life 

(Cycles) 

1,472,900 

792,100 

344,500 

283.900 
170,700 
237,600 

104.900 
70,500 

9,020 

7,930 

5,970 

8,350 


#9  HSLA  MISALIGNED  CRUCIFORM  LAB  1/2 


a:  io 


1.00E+03 


1.00E+04  1.00E+05  1.00E+06  1.00E+07 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 


Intercept 

log(Aamp) 

log(Arng) 

Slope 

Std  ErrofYEst 

COV 

Constant  amplitude  data  not  used 


Stress 

Amplitude 

(KSI) 


Fatigue _ 

Life _ Comments 

(Cycles) _ 


20,041 ,600  Suspended 
20,136,200  Suspended 


212,400 _ 

801,200 


R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 
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#10  HSLA  DISCONT.  CRUCIFORM  PARTIAL  PENETRATION  1/2~ 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA-80 
Axial  R=  -1 
1/2" 

NSWC 


Configuration:  Cruciform,  discontinuous,  partial  penetration  load  carrying  fillet  welds 


Stress 

Amplitude 

(KSI) 

5 

5 

5 

5 

7.5 

7.5 

7.5 

7.5 

10 

10 


Fatigue 

Life 

(Cycles) 

2,264,200 

2,018,500 

3.495.700 
2,994,900 

749,800 

655,400 

638.100 

1.147.700 
477,900 

173.100 


#10  HSLA  DISCONT.  CRUC.  PART.  PENET.  1/2” 


1.00E+03  1.00E+04 


1  .OOE+05  1 .00E+06  1 .00E+07 

FATIGUE  LIFE  (CYCLES) 


1 .00E+08 


10 

399,900 

15 

130,700 

Regression  Output: 

15 

131,100 

Intercept 

log(Aamp) 

8.272 

177,000 

112,600 


_ log(Arng) 

Slope  _ 


Std  Err  of  Y  Est 

COV _ _ 

R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 


NSWCCD-65-TR-1 998/23 
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#11  HSLA  MISALIGNED  CRUCIFORM  PARTIAL  PENETRATION  1/2" 


Steel  Type: 


HSLA-80 


Loading: 


Axial  R=  -1 


Thickness: 


1/2" 


Fabricator: 


NSWC 


Configuration: 


Cruciform,  misaligned,  partia 


penetration  load  carrying  fillet  welds 


Stress 


Amplitude 


(KSI) 


7.5 


7.5 


7.5 


7.5 


10 


10 


10 


10 


15 


Fatigue 


Life 


(Cycles) 


1,476,500 


624,600 


3,149,600 


1,645,500 


414,300 


763,800 


349,800 


190,700 


182,500 


77,400 


260,600 


127,800 


37,200 


#11  HSLA  MISALIGNED  CRUC.  PART.  PENET.  1/2" 


FATIGUE  LIFE  (CYCLES) 


Regression  Output: 


15 


15 


46,500 


Intercept 


37,200 


log(Aamp) 


8.513 


log(Arng) 


9.521 


15 


29,700 


Slope 


-3.349 


Std  ErrofYEst 


0.208 


COV 


0.380 


R  Squared 


0.900 


No.  of  Observations 


16 


Degrees  of  Freedom 


14 


E-27  1 
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#12  HS  CONTINUOUS  CRUCIFORM  LAB  ' 

IT 

Steel  Type: 

HS 

Loading: 

Axial  R=  -1 

Thickness: 

1/2" 

Fabricator: 

NSWC 

Configuration: 

Cruciform,  continuous,  non-load  carrying  fill 

st  welds 

- - - r 

Stress 

Fatigue 

#12  HS  CONTINUOUS  CRUCIFORM  LAB  1/2" 

Amplitude 

Life 

(KSI) 

(Cycles) 

_ 

— 1 

=r=f 

m 

15 

546900 

co 

* 

tu 

Q 

3 

£ 

a!  io 

wiSIB 

— 

MHBI 

MMI 

■■■1 

lanai^H 

hum 

iniaK 

:= 

MUwl 

■■■1 

!iSS53s 

E 

sss 

■■ 

■IBM 

IH 

n— 

H 

■■■ 

■■■ 

i 

15 

15 

1,435,800 

1,810,700 

— 

m:. 

H||  i^i 

■  III 

(■■I 

!!!!■ 

!|||M 

— 

■III 

_ 

■■ 

■■ 

IH 

u 

HI 

— 

■Ill 

in 

■ 

i 

■l 

ii  S 

an 

■ 

■  ■ 
n 

■ 

■■■ 

1 

■! 

HI 

| 

1! 

si 

i 

lifeii 

| 

! 

wm  mm, 

■a  ■■ 

Ii 

ni 

HSS 

1 

15 

693,700 

15 

499,700 

5 

< 

Sj 

■■■■■■■ 

III  mm 

— 

■hi 

TT - 

— 

■a  aia 
■1  ■■ 

_ 

1 

— 

— rr 

Mill 

■■ 

IIIIMI 

IJ-L 

_ 

■  II 

!!!■■■ 

_ 

mm* 

|  30 

30 

30 

66,500 

90,600 

52,400 

CO 

CO 

LU 

1 

_ 

■■■ 

IIIIM 

IIIIIB 

— 

■■ 

■■ 

Hr — 

■■■1 

li - 

5 

5  SI 

Si 

— 

■II 

■■a 

— 

■lllIBi 

lima 

■i 

■a 

in 

■ 

ill 

HIM 

i 

■ 

u 

Hill 

1 

ii 

■ 

III 

■ 

■ 

III 

■ 

in 

1 

^  *  1 

30 

80,200 

1.00 

=+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 

30 

82,200 

45 

5,600 

45 

6,500 

— 

45 

4,420 

F 

degression  Output: 

45 

5,340 

1 

ntercept 

log(Aamp) 

11.289 

45 

6,220 

log(Arng) 

12.639 

C 

V 

Slope 

-4.486 

C 

V 

Std  ErrofYEst 

0.218 

( 

:ov 

0.395 

F 

d  Squared 

0.950 

r 

'Jo.  of  Observations 

15 

[ 

Degrees  of  Freedom 

13 

Constant  amp 

litude  data  not  used 

Stress 

Fatigue 

Amplitude 

Life 

Comments 

(KSI) 

(Cycles) 

10 

20,572,2001 

Runout 

10 

20,106,700 

Runout 

10 

20,031,600 

Runout 

10 

20,071,600 

Runout 

10 

26,215,600 

Runout 

E-29 
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#13  HS  DISCONTINUOUS  CRUCIFORM  LAB  1/2" 

Steel  Type: 

HS 

Loading: 

Axial  R=  -1 

Thickness: 

1/2" 

Fabricator: 

NSWC 

Configuration: 

Cruciform,  discontinuous,  non-load  carrying  fillet  welds 

Stress 

Fatigue 

#13  HS  DISCONTINUOUS  CRUCIFORM  LAB  1/2" 

Amplitude 

Life 

(KSI) 

(Cycles) 

100 

P— 

PTT 

mrr= 

-a 

HIM* 

B 

BB 

D 

g 

IS 

15 

614,400 

iiina^ 

!HIH 

i= 

sss 

■■■ 

IIIHH 

III^B 

lll^ft 

w 

■■■ 

S 

■■■■ 

■■liB 

= 

15 

417,300 

* 

UJ 

o 

J  3 

t 

si  io  ■ 

_ 

_ 

■ 

;  ^  i 
111! 

— 

■II! 

IIH 

II1HK 

■■■ 

■■■ 

■ 

— 

■■II 

■III 

H 

■ 

— 

— 

■ 

III  B 

III 

:&l 

n 

■■■ 

ill 

m 

■ 

III 

15 

208,700 

1 

| 

[ 

|| 

111 

■ 

a 

mwmm 

|i|; 

1 

IH! 

■  ihm 

| 

15 

575,600 

15 

196,900 

2 

< 

— 

— 

mm 

■■ 

— 

■■ 

SS 

lllIBi 

laiiHHi 

llllftfti 

— 

■■■ 

iitBa 

jUHj 

mmm 

30 

115,500" 

<0 

(0 

LU 

O' 

H 

(0 

1  ■ 

_ 

■■ 

_ 

■■ 

_ 

■■ 

HUM 

— 

ss 

!SS 

mi 

■  I* 

— 

■ 

■1 

n 

II B 

III 

■ 

■ 

■1 

II 

■i 

n 

HIM 

■11 

III 

IBM 

■ 

■  hi 

■  i 

30 

46,500 

■ 

II 

i 

II 

II 

n 

n 

SB 

III 

ii 

i 

ll 

ll 

30 

93,900 

' 

'  n 

30 

48,600 

1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 

30 

45 

45 

45 

5,440 

F 

degression  Output: 

45 

6,860 

ll 

itercept 

log(Aamp) 

9.648 

45 

7,410 

log(Arng) 

W^BEEau 

c 

V. 

Hope 

c 

V. 

>td  ErrofYEst 

mmsm 

c 

;ov 

F 

Squared 

0.892 

h 

Jo.  of  Observations 

15" 

[ 

)egrees  of  Freedom 

13 

Constant  ampl 

itude  data  not  used 

Stress 

Fatigue 

Amplitude 

Life 

Comments 

(KSI) 

(Cycles) 

10 

22,627,400 

Runout 

10 

894,900 

10 

20,076,000 

Runout 

10 

20,245,800 

Runout 

10 

305,900 

E-31 
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#14  HS  MISALIGNED  CRUCIFORM  LAB  1/2 


Steel  Type:  HS _ 

Loading:  Axial  R=  -1 _ 

Thickness:  1/2” _ _ _ 

Fabricator:  NSWC _  1 

Configuration:  Cruciform,  misaligned,  load  carrying  fillet  welds 


Stress 

Amplitude 


Fatigue 

Life 


2,483,500 

2,171,300 


4,360,400 

5,415,000 


15 

139,400 

15 

228,000 

15 

283,600 

2,390 


#14  HS  MISALIGNED  CRUCIFORM  LAB  1/2’ 


■■■■■■■ 

SSSSSi 

■■■■II 

II 

■1 

■1 

■ 

■ 

1 

1 

■ 

■ 

SSSSSSnnl 

■■■UNI 

■■■■■■III 

BBBSS 

■■ 

III^H 

HMIIIII 

■■■Hill 

HHiiiiii 

^**11111 

■Uliiiii 

—111 

IHMIIBI 

iSSIIIII 

■Hi 

Shim 

■uni 

■■■■ 

BHilHimi 

■■Hi  HniniMi  mum 

IIIHHI 

III— III  III 

1— 1 

■ii^hbpbb 

iii^-  hi 

M— ■■■ 

■  !■■■ 

■Ill 

mi 

Hill 

E 

Bill 

HHBi  IIIIHIHni 

— ISh 
— 11— 1 

ll—H  Mill 

—lb 

II— Ml 

FATIGUE  LIFE  (CYCLES) 


Constant  amplitude  data  not  used 


Stress 

Fatigue 

Amplitude 

Life  Comrr 

(KSI) 

(Cycles) 

7.5 

21,635,000  Runout 

7.5 

1,063,300 

7.5 

20,023,100  Runout 

7.5 

4,587,900 

Regression  Output: 
Intercept  log(Aamp) 

_ log(Arng) 

Slope _ 

Std  Err  of  Y  Est 

COV _ 

R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 


-6.416 

0.142 


E-33 
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#15  OS  CONTINUOUS  CRUCIFORM  LAB  1/2' 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


OS _ 

Axial  R=  -1 
'  1/2” 

NSWC 


Configuration:  Cruciform,  continuous,  non-load  carrying  fillet  welds 


Stress 

Fatigue 

Amplitude 

Life 

(KSI) 

(Cycles) 

15 

478,900 

15 

382,800 

15 

1,591,900 

15 

597,700 

15 

1,377,500 

30 

53,700 

30 

43,600 

30 

27,900 

30 

64,100 

30 

57,200 

Constant  amplitude  data  not  used 


Stress 

Amplitude 


Fatigue 

Life 


(KSI) 

(Cycles) 

10 

4,769,000 

10 

20,000,000 

Runout 

10 

8,905,200 

i 

10 

20,010,000 

Runout 

10 

20,000,000 

Runout 

Comments 


E-35 
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#16  OS  DISCONTINUOUS  CRUCIFORM  LAB  1/2 


Steel  Type:  OS _ 

Loading:  Axial  R=  -1 


Thickness 

Fabricator: 


1/2" 

NSWC 


Configuration:  Cruciform,  discontinuous,  load  carrying  fillet  welds 


Stress 

Amplitude 


Fatigue 

Life 


1,628,000 


247,400 


279,900 


975,100 


666,700 

103,200 

24,800 

31,900 

34.200 

59.200 


#16  OS  DISCONTINUOUS  CRUCIFORM  LAB  1/2 


1.00E+03 


- - - 1 - - - - - I _ 

Constant  amplitude  data  not  used 


Stress 

Fatigue 

Amplitude 

Life 

(KSI) 

(Cycles) 

10 

17,969,400 

10 

20,784,100 

10 

580,500 

10 

1,865,900 

10 

7,489,500 

Comments 


1.00E+04  1.00E+05  1.00E+06 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 
Intercept  llog(Aamp) 

_ log(Arng) 

Slope _ 

Std  ErrofYEst 

COV _ 

R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 


NS  WCCD-65-TR-1 998/23 


E-38 
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|#17  OS  MISALIGNED  CRUCIFORM  LAB  1/2" 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


OS _ 

Axial  R=  -1 
1  /2" 

NSWC 


Configuration:  Cruciform,  misaligned,  load  carrying  fillet  welds 


Stress 

Amplitude 

(KSI) 

10 

10 

10 

10 

15 

15 

15 


15 

20 


Fatigue 

Life 

(Cycles) 

538,200 

212,900 

417,700 

404,300 

61.900 

83.900 
76,700 


68,200 

17,500 


#17  OS  MISALIGNED  CRUCIFORM  LAB  1/2 


20 

1 

20 

20 

1 

EWilSl 

s!  io 
s 


1.00E+03 


1.00E+04  1.00E+05  1.00E+06  1.00E+07 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 

Intercept 

log(Aamp) 

10.541 

log(Arng) 

12.023 

Slope 

-4.924 

Std  ErrofYEst 

0.149 

Constant  amplitude  data  not  used 


Stress 

Amplitude 

(KSI) 

7.5 


Fatigue 

Life 

(Cycles) 

907,800 


cov _ 

R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 


Comments 


2,074,400 _ 

20,000,000  Runout 


NS  WCCD-65-TR-1 998/23 
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|#18  CONVENTIONAL  STRUC.  COMP.  (APPROX  R=0; 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HS/HSLA _ 

Axial  R=Q _ 

N/A  r~ 

Shipyard  &  NSWC 


Configuration:  Conventional  stiffener/bulkhead  joint  component 


Stress 

Amplitude 

(KSI) 

15.5 

12.3 

10.55 

8.75 

7.55 

6.75 

15.5 
12.3 

10.55 

8.75 

7.55 

5.5 


Fatigue 

Life 

(Cycles) 

126,150 

224,550 

690,000 

1.559.810 

1.193.900 
1,761,000 

310,350 

887,450 

834,860 

2.586.810 

5.763.900 
6,938,100 


Fabricator 


H  S/S  YD 
HS/SYD 
HS/SYD 
HS/SYD 
HS/SYD 
HS/SYD 
HS/LAB 
HS/LAB 
HS/LAB 
HS/LAB 
HS/LAB 
HS/LAB 


HSLA/SYD 


#18  HSLA  CONVENTIONAL  COMPONENTS 


Constant  ampli 

itude  data  not  used 

Stress 

Fatigue 

Amplitude 

(KSI) 

5.95 

_ 5J5 

6.75 


_ 5.95 

6.95' 


_ ai 

5.65 

5.65' 


4.75 


Life  Comments 

(Cycles)  _ 

34333480  SUSPENDED 

15614100 _ 

16356500  _ 


38229150  SUSPENDED 
25467460  _ _ 


22962600 _ 

50804500  SUSPENDED 
28899840 _ 


50545730 1  SUSPENDED 


HS/ISD 

HS/ISD 

HS/LAB 


HS/LAB 

HSLA/SYD 


HSLA/SYD 
HSLA/SYD 
HSLA/ LAB 


HSLA/LAB 


E-41 
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| Random  Fatigue  Data  (Narrowband,  Zero  Mean)  I 

RMS 

Fatigue 

Geometric 

Stress 

Life 

Mean 

(KSI) 

(Cycles) 

(KSI) 

5 

3,267,500 

5 

2,099,200 

5 

4,435,000 

5 

2,617,100 

2,987,100 

[Random  Fatigue  Data  (Narrowband,  with  Mean)  I 

RMS 

Mean 

Fatigue 

Geometric 

Stress 

Stress 

Life 

Mean 

(KSI) 

(KSI) 

(Cycles) 

(KSI) 

5 

7.8 

3,265,000 

5 

7.8 

1,554,200 

5 

7.8 

2,268,200 

5 

7.8 

2,141,400 

2,228,100 

7 

7.8 

935,000 

7 

7.8 

973,000 

7 

7.8 

1,111,700 

7 

7.8 

757,300 

935,500 

,'V 

n 

H!s2§ 

i _ 

-< 

- 
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#19  SNIPED  STRUCTURAL  COMP.  (APPROX  R=0) 

Steel  Type: 

HSLA 

Loading: 

Axial  R=0 

Thickness: 

N/A 

Fabricator: 

NSWC 

Configuration: 

Sniped  stiffener/bulkhead  joint  component 

Stress 

Fatigue 

Amplitude 

Life  i 

(KSI) 

(Cycles) 

6.975 

5,910,270 

7.835 

3,081,810 

9.09 

1,214,120 

13.045 

281,970 

16.665 

188,790 

Constant  amp 

itude  data  not  used 

Stress 

Fatigue 

Amplitude 

Life 

Comments 

(KSI) 

(Cycles) 

5.66 

14,180,800 

Failed  at  Endcap 

6.095 

50,704,840 

Suspended 

4.755 

22,441,780 

Suspended 

Regression  Output: 

Intercept 

log(Aamp) 

10.058 

log(Arng) 

11.267 

Slope 

-4.016 

Std  ErrofYEst 

0.139 

COV 

0.274 

R  Squared 

0.965 

No.  of  Observations 

5 

Degrees  of  Freedom 

3 

E-43 
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#20  INTERCOSTAL  COMPO 

NENTS  (APPROX  R=0) 

Steel  Type: 

HSLA 

Loading: 

Axial  R=0 

Thickness: 

N/A 

Fabricator: 

NSWC 

Configuration: 

Intercoastal  component 

— - — - r 

Stress 

Fatigue 

#20  INTERCOSTAL  COMPONENTS 

Amplitude 

Life 

(KSI) 

(Cycles) 

100  1 

i 

■ 

B 

3 

5 

1 

1 

16.6 

43,000 

55 

* 

LLl 

o 

3 

H 

ol  io  ■ 

s 

< 

CO 

CO 

ILI 

a; 

1— 

w  i  J 

. . . 

H 

mmm 

■■■ 

■■■ 

Si  ss 
■1 

mmm 

iiiihm 

HH»I 

■  ■■■ 

!  IS 

3 

■III 

s 

i 

13 

129,270 

■■1 

■■■ 

nnm 

■  ■■1 

imm 

Hi 

■■  1 

■■ 

■ 

 1 

<11 

mi 

iiiim 

■III 

IH 

_ 

HI 

■ 

- 

■ 

.j 

’  11.1 

346,100 

■ 

III 

li  S 

III 

wwm 

■III 

\M 

II  1 

Hi 

■ 

1 

i 

1 

1 

|j| 

«■ 

lii 

mm 

imS 

HI 

■ 

II! 

1 

j 

9.05 

676,920l 

■  ■  ■■■■! 

■  ■  HI 

wmm^mmm 

■■a  wmmm 

«mmar  m 

— 

■■■■■ 

— 

;4 

7.8 

1 ,602,640 

— 

E 

sss 

■■■ 

■1  H 

■1  IH 

■I 

SSS 

HHI 

1 

i  mmm 

|  gpgj 

SSaa 

■III 

m 

H*. 

■lift 

IIII^H 

— 

Sail 

■III 

6.95 

1,235,010 

— 

■ 

■II 

■1  Hi 

in 

■HI 

■ 

■III 

■ 

£ 

Sill 

■■Bi 

J 

6.1 

2,353,530 

■ 

III 

II  H 

■II 

1  H 

IIIIH 

■ 

■III 

T 

■ 

l 

III 

in 

III 

ia 

■n 

mu 

1 

■ 

1 

III 

J 

5.65 

5,521,190 

i 

’  H 

4.75 

7,838,300 

1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 

_ _ 

1 

F 

degression  Output: 

1 

ntercept 

log(Aamp) 

9.699 

log(Arng) 

10.930 

C 

V. 

Slope 

-4.088 

C 

V 

>td  Err  of  Y  Est 

0.120 

( 

)OV 

0.242 

'  F 

d  Squared 

0.977 

r 

slo.  of  Observations 

9 

t 

Degrees  of  Freedom 

7 
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| #21  HSLA  CONVENTIONAL  COMPONENTS  R=-1 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA 
Axial  R=-1 
N/A 
NSWC 


Configuration:  Conventional  stiffener/bulkhead  joint  component 


Stress 

Amplitude 


Fatigue 

Life 


#21  HSLA  CONVENTIONAL  COMP  R=-1 


3,397,800 


8.5 

2,049,800 

8.5 

2,422,300 

8.5 

2,094,000 

8.5 

3,755,300 

10 

1,912,300 

10 

2,026,100 

10 

975,600 

10 

2,303,500 

10 

1,513,000 

15 

510,800 

496,000 

115.200 

520.900 

437.400 
184,000 
211,300 

156.900 

154.400 

216.200 


1.00E+03  1.00E+04 


1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 

Intercept 

log(Aamp) 

9.427 

log(Arng) 

10.399 

Slope 

-3.230 

Std  Err  of  Y  Est 

0.169 

COV 

0.323 

R  Squared 

0.896 

No.  of  Observations 

20 

Degrees  of  Freedom 

18 

Constant  amp  itude  data  not  used _ 

Stress  Fatigue _ 

Amplitude _ Life _ Comments 

(KSI)  (Cycles) _ 

7.5  20,752,200  Suspended 
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#22  HSLA  STIFFENER  SPLICE  R=-1 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA 
Axial  R=-1 
N/A 
NSWC 


Configuration:  Stiffener  Splice 


Stress 


Fatigue 

Life 


(KSI) 

(Cycles) 

12 

813,200 

12 

2,193,700 

2,717,900 
1,013,000 
0 
0 
0 

1,151,600 

396.500 

187.800 

196.800 

199.500 
0 

_ 24,100 

26,600 


#22  HSLA  STIFFENER  SPLICES 
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1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 


Intercept 


log(Aamp) 

log(Arng) 


R  Squared 

0.936 

No.  of  Observations 

16 

Degrees  of  Freedom 

14 
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| #24  HSLA  FLAME  CUT  EDGE  SPECIMEN  R=-1 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA 
Axial  R=-1 
1/2" 
NSWC 


Configuration:  Flame  Cut  Edge 


Stress 

Amplitude 


S 

5 


15 


Fatigue 

Life 


HSLA  FLAME  CUT  EDGE  SPECIMEN 


2,171,900 


1,652,600 


15 

1,435,800 

20 

672,400 

20 

605,800 

20 

20 

125,400 

133,600 

32,300 

26,700 

26,100 

32,300 


1.00E+03 


_ _  I  _ _ _ i - 

Constant  amplitude  data  not  used 


Stress 

Amplitude 

(KSI) 

15 


Fatigue _ 

Life _ Comments 

(Cycles) _ 

20,438,000  [Runout 


1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 
Intercept  log(Aamp) 

_ log(Arng) 

Slope _ 

Std  ErrofYEst 

COV _ 

R  Squared _ 

No.  of  Observations 
Degrees  of  Freedom 
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#25  HSLA  INSERT  PLATE  SPECIMEN  R=- 


Steel  Type: 


HSLA 


Loading: 


Axial  R=-1 


Thickness: 


1/4"  to  1/2" 


Fabricator: 


NSWC 


Configuration: 


Insert  Plate  Specimen 


Stress 


Fatigue 


Amplitude 


Life 


(KSI) 


(Cycles) 


10 


11,112,700 


15 


3,660,500 


15 


1,101,700 


15 


756,500 


15 


1 ,466,700 


20 


203,400 


20 


345,800 


20 


208,100 


20 


210,700 


30 


47,000 


30 


48,200 


30 


42,400 


#25  HSLA  INSERT  PLATE  SPECIMEN 


1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 


30 


34,900 


Regression  Output: 


Intercept 


log(Aamp) 


12.101 


log(Arng) 


13.633 


Slope 


-5.090 


Std  Err  of  Y  Est 


0.184 


COV 


Constant  amp 


itude  data  not  used 


R  Squared 


0.345 


0.951 


Stress 


Amplitude 


Fatigue 


Life 


No.  of  Observations 


13 


Degrees  of  Freedom 


11 


Comments 


(KSI) 


(Cycles) 


10 


20,164,200 


Runout 


10 


20,234,200 


Runout 


10 


21,119,600 


Runout 
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#26  HSLA  INSERT  PLATE  POOR  WELD  SPECIMEN  R=- 


Steel  Type: 


HSLA 


Loading: 


Axial  R=-1 


Thickness: 


1/4"  to  1/2" 


Fabricator: 


NSWC 


Configuration: 


Insert  Plate  Poor  Weld  Specimen 


Stress 


Amplitude 


(KSI) 


10 


10 


15 


15 


30 


30 


Fatigue 


Life 


(Cycles) 


606,300 


761,000 


173,400 


107,800 


6,770 


10,260 


#26  HSLA  INSERT  PLATE  POOR  WELD 


1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIGUE  LIFE  (CYCLES) 


Regression  Output: 


Intercept 


log(Aamp) 


9.845 


log(Arng) 


11.051 


Slope 


-4.009 


Std  ErrofYEst 


0.103 


COV 


R  Squared 


0.211 


0.989 


No.  of  Observations 


Degrees  of  Freedom 
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I #2 7  HSLA  ONE-SIDED  WELD  SPECIMEN  R=-1 


Steel  Type: 
Loading: 
Thickness: 
Fabricator: 


HSLA 
Axial  R=-1 
1/2" 
NSWC 


Configuration:  One-Sided  Weld  Specimen  (With  Backing  Bar) 


Stress 

Amplitude 

(KSI) 

10 

10 

10 

10 

15 

15 

15 

15 

15 

30 

30 

30 


30 

45 


Fatigue 

Life 

(Cycles) 

5,379,800 

2,539,900 

3,424,500 

5,027,800 

751.100 
639,900 

1,677,600 

690,500 

10,342,600 

143.100 
80,200 

68,600 


247,000 

39,800 


#27  HSLA  ONE-SIDED  WELD 
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HU  II 

■■III 

■nil 

Bill 

mmmm 

i  ii  mi 

IHI 

1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 


FATIGUE  LIFE  (CYCLES) 

Regression  Output: 

Intercept 

log(Aamp) 

log(Arng) 

1 

Slope 

- 

Std  ErrofYEst 

0.307 

COV 

0.507 

R  Squared 

0.890 

No.  of  Observations 

17 

Degrees  of  Freedom 

15 
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#28  HSLA  SINGLE  THICKNESS  DOUBLER  SPEC.  R=-1 


Steel  Type: 


HSLA 


Loading: 


Axial  R=-1 


Thickness: 


1/2" 


Fabricator: 


NSWC 


Configuration: 


Single  Thickness  Doubler  Specimen 


Stress 


Fatigue 


Amplitude 


Life 


(KSI) 


(Cycles) 


15 


149,500 


15 


108,300 


15 


1 ,098,200 


20 


1,346,900 


20 


128,700 


20 


49,600 


20 


99,900 


30 


94,200 


30 


26,100 


30 


16,200 


30 


30,000 


#28  HSLA  SINGLE  THICKNESS  DOUBLER 


1.00E+03  1.00E+04  1.00E+05  1.00E+06  1.00E+07  1.00E+08 

FATIBUE  LIFE  (CYCLES) 


Regression  Output: 


Intercept 


iog(Aamp) 


9.179 


log(Arng) 


10.119 


Slope 


-3.122 


Std  ErrofYEst 


0.490 


COV 


Constant  amp 


itude  data  not  used 


R  Squared 


0.676 


0.421 


No.  of  Observations 


11 


Stress 


Fatigue 


Degrees  of  Freedom 


Amplitude 


Life 


Comments 


(KSI) 


(Cycles) 


15 


4,394,300 


Suspended 


10 


20,000,000 


Suspended 


10 


20,000,000 


Suspended 


10 


20,000,000 


Suspended 


10 


20,000,000 


Suspended 
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Appendix  F 

Gamma  Function  Properties  and  Approximations 


F-l 


NSWCCD-65-TR-1 998/23 


Gamma  Function  Properties  and  Approximations 

Gamma  functions  occur  frequently  in  the  analytical  study  of  fatigue  strength  and 
maximum  lifetime  loads.  The  gamma  function  is  a  complete  integral  of  the  form  given 
below. 


c» 

T(z)  =  \tz~le-‘dt 
0 

For  integer  values  of  the  argument,  “z”,  the  gamma  function  can  easily  be  calculated  as 
follows. 

T(z)  =  (z-1)! 

In  addition,  knowing  that  r(l/2)=Vjt  and  the  recurrence  relationship  given  below  allows 
one  to  evaluate  the  gamma  function  at  intervals  halfway  between  integer  values. 

r(z  +  l)  =  zr(z)  =  z(z-l)! 

The  gamma  function  typically  occurs  in  fatigue  or  loads  analysis  where  the 
argument  of  the  gamma  function  is  a  function  of  the  slope  of  the  S/N  curve,  B,  or  a 
parameter  of  a  probability  distribution,  e.g.,  the  slope  parameter,  (5,  of  the  Weibull 
distribution.  Using  the  expressions  above,  a  problem  involving  gamma  functions  can  at 
least  be  bounded  and  perhaps  even  interpolated  between  integer  and  half  integer 
argument  values  to  provide  a  quick  solution. 


F-3 


NS  WCCD-65-TR-1 998/23 


Gamma  functions  corresponding  to  the  first  several  integer  and  half  integer 
argument  values  are  provided  for  this  purpose. 


r(i/2)  =  VJ 

r(i)  =  l 

r(3/2)  =  l/2V^ 

r(2)  =  i 

IT(5/2)  =  3/4V^ 

r(3)  =  2 

r(7/2)  =  15/8V^ 

r(4)  =  6 

r(9/2)  =  105/16Vtf 

r(5)  =  24 

r(l  1/2)  =  945/327^ 

r(6)  =  120 

f(13/2)  =  10395/647^ 

r(7)  =  720 

For  problems  involving  evaluation  and  accuracy  at  other  intermediate  arguments, 
the  best  approach  is  to  use  readily  available  computer  subroutines  (Press,  1992).  Aside 
from  that,  very  accurate  polynomial  approximations  are  also  available,  but  only  apply 
directly  to  arguments  between  values  of  one  and  two.  Recurrence  relations  must  be  used 
to  evaluate  the  gamma  functions  at  other  values. 

If  nothing  else  is  available,  a  rough  estimate  can  be  made  using  the  following 
approximation.  A  comparison  of  this  approximation  with  the  computer  subroutine  values 
is  given  in  Figures  F-l  and  F-2. 


0  <  z  <  1 

F(z)» 

(0.875 +  |(z-0.5)3|)/ 

1  <  z  <  2 

r  (z)« 

0.875  +  |(z-1.5)3| 

2  <  z  <  6 

r  00* 

*  2.63e(1-z)  (z  -  l)(*~I/2) 

z  >  6 

F(z)« 

(int  eger{z  - 1))! 

F-4 


ice  (Gamma-  Gamma  Function 

tpprox)  ^  ^  k,  k. 
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Gamma  Function 


Figure  F-l  -  Comparison  between  Gamma  Function  and 
Approximation 


Difference  in  Gamma  Functions 


Argument 

Figure  F-2  -  Difference  between  Gamma  Function  and 
Approximation 
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Appendix  G 

Expected  Moments  of  Useful  Probability  Distributions 
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Expected  Moments  of  Useful  Probability  Distributions 

Probability  distributions  are  used  to  represent  the  frequency  of  occurrence  of 
many  natural  phenomena.  Many  of  these  distributions  are  interrelated.  For  example,  the 
random  process  of  wave  elevation  is  generally  considered  to  be  represented  by  the 
Gaussian  probability  distribution.  The  extrema,  or  peaks  and  valleys,  of  a  Gaussian 
distribution  are  represented  by  the  S.O.  Rice  distribution.  The  S.O.  Rice  distribution  has 
two  limiting  states,  depending  on  the  frequency  content  of  the  Gaussian  random  process. 
In  the  case  of  an  extremely  narrowband  Gaussian  process,  the  S.O.  Rice  distribution 
degenerates  into  the  Rayleigh  probability  distribution.  In  the  case  of  an  extremely 
broadband  Gaussian  process,  the  S.O.  Rice  distribution  degenerates  into  the  Gaussian 
probability  distribution. 

Ship  primary  loadings,  and  therefore  stresses,  are  often  represented  by  the 
Weibull  probability  distribution,  or  one  of  its  special  forms;  the  exponential  or  Rayleigh 
distributions.  The  exponential  distribution  is  sometimes  used  to  represent  a  lifetime 
distribution  of  stress,  while  the  Rayleigh  distribution  is  often  used  to  represent  short 
distributions  of  stress.  Knowing  the  distribution  of  stress,  allows  one  to  calculate  the 
expected  fatigue  life  of  random  stresses.  The  expected  cycles  to  failure  is  calculated  as  a 
function  of  the  parameters  of  the  constant  amplitude  S/N  curve.  The  fatigue  life 
calculated  is  determined  from  the  “m”th  moment  of  the  stress  probability  distribution, 
where  “m”  is  the  negative  inverse  slope  of  the  S/N  curve. 
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Moments  of  probability  distributions  are  also  very  useful  when  simulating  time 
histories  or  sequences  of  random  numbers  which  follow  a  particular  distribution.  The 
accuracy  of  the  simulation  can  be  evaluated  by  comparing  the  first  several  moments  of 
the  simulated  sequence  to  the  theoretical  moments. 

The  following  expressions  summarize  the  expected  moments  of  probability 
distributions  of  those  typically  used  in  fatigue  and  maximum  value  calculations. 
Gaussian  Probability  Density  Function  with  zero  mean  and  standard  deviation,  cry 


P(Y)  = 


-y2 

& 

7  2(7  Y 


(7 y 


Moment  of  Gaussian  Distribution 


—  oo  <Y  <oo 


2jn  7  +  1 

~J  Y'fJ  ^  S 


E[YJ]  =  -=aJr  r(^— )  for 

fn  2. 


j  even 


First  ten  moments  of  Gaussian  Distribution 


£[7‘]  =  0 
E[Y2]  =  a2y 
E[Y*]  =  0 
E[Y4]  =  3a4 
E[Y5]  =  0 
E[Y6]  =  l5a6y 
£[77]  =  0 
£[F8]  =  105c7* 

£[y9]  =  o 

E[Yw}  =  9A5cry 
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Rayleigh  Probability  Density  Function  with  parameter  C.  Sometimes  C  is  specified  as 
the  RMS  value,  a 


Z  <^> 
P(z)  =  -£Ye 


0  <  Z  <  oo 


Moments  of  Rayleigh  Distribution 

E[Zj]  =  2jnCJr(^  +  Y) 
First  ten  moments  of  Rayleigh  Distribution 

£[Z']  =  ^C 
E[Z2]  =  1C2 

E[ZA]  =  8C4 
E[ZS]  =  15^C5 
E[Z6]  =  48  C6 
E[Z1]  =  \Q5^/f1 
£[Z8]  =  384C8 
E[Z9]  =  945  ffi^C9 
E[Zl°]  =  3840C10 
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Exponential  Probability  Distribution 


p(Z)  = 


l 

e 


e 


z 

8 


Moments  of  the  Exponential  Distribution 


E[Zn]  =  9"T(n  +  l) 


First  ten  moments  of  the  Exponential  Distribution 

E[Z]  =  9 
E[Z2]  =  291 
E[Z3]  =  69 3 
£[Z4]  =  249* 

E[Z5]  =  120<95 
E[Z6]  =  12Q96 
£[Z7]  =  50400 7 
£[Z8]  =  403200® 
£[Z9]  =  36288O09 
£[Z10]  =  36288OO010 
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S.O.  Rice  Probability  Density  Function  with  parameters  a  and  a,  the  RMS  value  and 
irregularity  factor,  respectively. 


Moments  of  the  S.O.  Rice  Distribution 


-<x*£ 


yfn 


n=0 


fj-n  +  l] 

r 

fi+”i 

fl  +  (-l)0"M)>| 

2  J 

2) 

^  2  V 

(j-n)\n\ 


First  ten  moments  of  the  S.O.  Rice  Distribution 

E[Pl]  =  ^/2(a)cyx 

£[P2]  =  (l  +  a2)<r2 

E[P3]  =  ^(3a)cr3x 

E[P*]  =  (3  +  6cc2  -a4)<Jx 

E[P5]  =  ffi,(15a)a5x 

E[P6]  =  3(5  +  15a2  -  5a4  +  a6)ax 

E[P7]  =  ^(105a)a7x 

E[P*  ]  =  3(35  +  140a2  -70a4  +  28a6  -5a8  )ax 

E[P9]  =  ^(945a)a9x 

E[Pl° ]  =  1 5(63  +  3 1 5a2  -210a4  +126a6  -45a8  +  7a10)cr*0 
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The  two  parameter  Weibull  probability  distribution 


p(x)  = 


p.(  *TA$ 


e 


\0j 


0  <  x  <  oo 


Moments  of  the  two  parameter  Weibull  distribution 

E{xn)  =  0  T(l  +  Yp) 

First  ten  moments  of  the  two  parameter  Weibull  distribution 

E[x]  =  0T(l  +  l/j3) 

E[x2]  =  02T(l  +  2/  J3) 

E[x2]  =  02r(l  +  3//3) 

E[x4]  =  04  r(l  +  4/yff) 

E[x5]  =  05  T(l  +  5/j3) 

E[x6]  =  06T(l  +  6/  P) 

E[x1]  =  01T{  \  +  VP) 

£[x8]  =  0sr(l  +  8/j0) 

E[x9]  =  09T(l  +  9/  J3) 

E[xl0]  =  0IOT(1  + 10  /  J3) 
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The  three  parameter  Weibull  distribution 


P(P)  = 


V 


9-X 


O  J 


P-Xn 


9-X. 


p- 1  [  P-X0 

e-xc 


O  J 


Moments  of  a  three  parameter  Weibull  distribution 
E[Pn]  =  (9-X0)n T 


+  n(9-Xoy-lY 

(  «-l"| 

VP  ) 

K  P  J 

x„  +  ”(”,  l\o_xoy~2r 


2! 


n  —  2 


+  1 


x: 


+  n(n  2)  (9  -  x„  y3  r| 


— +0 


V 


X3+- 


■  +  n(9-X0)  T 


•  +  1 


lx;-1  +x; 


First  ten  moments  of  the  three  parameter  Weibull  distribution 

E[P ]  =(^-X0)r(l//?  +  l)  +  X0 

E[P2]  =  (9-X0)2Y(2/p  +  V)  +  2(9  -X0)Y(\/p  +  \)X0  +  X] 

E[P3]  =  (9-X0)3Y(3I  p  +  X)  +  3(9-X0)2Y(2l  p  +  \)X0+3(9-X0)Y(\!  P  +  \)X20+X30 
E[PA]  =  (9-X0yr(4/p  +  l)  +  4(9-X0)3r(3/j3  +  l)X0+6(9-X0)2r(2//3  +  V)X2  + 

4(9  -X0)Y(\/p  +  \)X30  +  X4 

E[P5]  =  (9-XoyY(5/p  +  l)  +  5(9-Xo)4Y(4/p  +  l)Xo+l0(9-Xo)3Y(3/p  +  l)X2  + 
lO(9-XB)2Y(2/p  +  l)X30  +  5(9-X0)Y(\ip  +  \)X4o  +  X3 
E[P6]  =  (9-X0)6Y(6/p  +  l)  +  6(9-X0)5Y(5/p  +  l)X0+l5(9-X0)4Y(4/p  +  l)X2  + 

20(9-Xo)3T(3l  p  +  \)X30  +  \5(9-X0)2Y(2l  p  +  \)X40  +6(9 -X0)Y(l/ p +  l)X50  +X60 
E[P7]  =  (9-X0)7Y(7/p  +  l)  +  7(9-X0)6Y(6/p  +  \)X0+2l(9-X0)5Y(5/p  +  Y)X20  + 

35(9  -  Xa  )4  Y(4/p+ 1  )X3a  +35  (9-  Xa  )3  Y(3  /  p  +  \)X40  +  2  \(9  -  Xa  )2  T(2  /  p  +  \)X50  + 

7(9 -X  )Y(\!  p  +  \)Xl  +X] 

E[P*]  =  (9  -  X0  f  T(8  /  p  + 1)  +  8(0  -  X0  y  Y(7  /  p  +  X)X0  +  28(0  -  X0  )6  Y(6  /  P  +  l)X2  + 

56  (9  -  X0  )5  Y(5/p  + 1  )X3  +  70(9  -  X0  )4  Y(4/p  +  l)X4  +  56(9  -X0)3Y(3ip  +  l)X50  + 
28(9-X0)2Y(2/p  +  l)X60+  8 (9  - Xa )T(1  / p  +  \)X]  +  X%0 
E[P9]  =  (9-Xo)9Y(9/p  +  l)  +  9(9-X0yY(S/p  +  l)X0+36(9-XoyY(7/p  +  l)X2  + 

84(9 -X0)6Y(6/  P +  \)Xl  +\26(9-XoyY(5/p  +  \)X40  +\26(9-XB)4Y(4/ p  +  \)X50  + 
84  (9  -X0)3Y(3/p  +  1)X06  +  36(9  -Xa)2Y(2/p  +  \)X]  +  9(9  -  X0  )T(1  /  p  +  l)X*0  +  X9 
E[P10 1  =  (9-Xo)'°Y(10/p  +  l)  +  10(9-Xo  )9  Y(9/p  +  l)Xa  +  45(9  -X0)sY(8/p  +  l)X2  + 

\20(9-XoyY(7ip  +  \)X]+2\0(9-Xo)6Y(6ip  +  \)X4o+252(9-XoyY(5ip  +  \)Xl  + 
210  (9-  XB  )4  T(4  /  p  +  \)X60  + 120 (9  -  Xa  )3  Y(3  /  p  +  \)X]  +  45(9  -X0)2Y(2lp  +  1)X08  + 
\0(9-Xo)Y(\ip  +  \)X9o+Xy 
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Appendix  H 

Histograms  of  Experimental/Predicted  Fatigue  Lives 
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Histograms  of  Experimental/Predicted  Fatigue  Lives 

Fatigue  data  are  typically  generated  under  constant  amplitude  loadings  and  then 
used  with  a  fatigue  damage  accumulation  model  to  predict  fatigue  behavior  under  service 
loadings.  Service  loadings  are  typically  non-constant  amplitude.  Loadings  for  ship 
structure  are  actually  random,  but  tend  to  be  Rayleigh  distributed  in  many  cases.  For  this 
reason,  the  fatigue  data  generated  under  this  effort  were  tested  under  constant  amplitude 
loadings  and  variable  amplitude  loadings  that  were  Rayleigh  distributed  as  described  in 
the  main  text  of  this  report.  The  Rayleigh  Approximation  formula  therefore  offers  the 
best  means  to  predict  the  variable  amplitude  loadings  based  on  the  S/N  curve  generated 
from  the  constant  amplitude  fatigue  tests.  Data  used  in  these  analyses  can  be  found  in 
Appendix  E. 

Histograms  were  produced  from  ratios  of  the  experimental  fatigue  lives  divided 
by  predicted  fatigue  lives.  The  predicted  lives  were  determined  using  the  Rayleigh 
Approximation  formula.  Two  separate  histograms  were  generated.  The  purpose  of  the 
first  histogram,  shown  in  Figure  H-l ,  is  to  show  how  well  the  experimental  data  are 
predicted  by  the  Rayleigh  Approximation  formula;  essentially  assessing  the  accuracy  of 
Miner’s  Rule.  For  this  case,  the  predictions  are  made  using  the  50%  probability  of  failure 
(mean)  constant  amplitude  S/N  curve.  As  mentioned  previously,  only  single  line  S/N 
curves  are  used,  ignoring  any  constant  amplitude  endurance  limit  effects.  Also,  for  this 
first  case,  the  experimental  data  are  represented  by  the  geometric  mean  of  the  individual 
data  points.  Data  used  to  construct  the  first  histogram  can  be  found  in  Table  H-l . 

The  purpose  of  the  second  histogram,  shown  in  Figure  H-2,  is  to  show  how  well  a 
design  S/N  curve  performs  in  avoiding  fatigue  failures.  The  design  S/N  curve  in  this  case 
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is  represented  by  a  mean  minus  two  sigma  S/N  curve  (2.3%  probability  of  failure).  For 
this  second  case,  the  predicted  fatigue  life  estimates  were  made  using  the  Rayleigh 
Approximation  formula  with  the  mean  minus  two  sigma  S/N  curve.  The  experimental 
data  were  used  as  is;  i.e.,  individual  data  points  were  used  instead  of  representing  them  by 
a  geometric  mean  value.  Data  used  to  construct  the  second  histogram  can  be  found  in 
Table  H-2. 

Note  that  the  data  from  detail  set  #5  (HSLA  Continuous  Cruciform  Lab  + 

Shipyard  7/16”)  was  not  included  in  either  analysis  because  they  had  already  been 
included  separately  in  data  sets  #3  and  #4.  The  first  histogram,  with  predictions  made 
using  the  mean  S/N  curve  and  experimental  lives  represented  by  the  geometric  mean, 
shows  the  most  frequently  occurring  ratio  is  unity,  and  the  distribution  of  ratios  is 
somewhat  symmetric  and  centered  on  this  value.  This  analysis  indicates  the  use  of 
Miner’s  Rule  in  fatigue  life  prediction  generally  produces  accurate  results.  Non¬ 
conservative  results,  those  located  below  unity,  tend  to  occur  for  details  which  contain 
imperfections  and  misalignments  or  larger  components.  Conservative  estimates,  located 
above  unity,  tend  to  occur  for  better  quality  and  smaller  sized  specimen  configurations. 

The  second  histogram,  with  predictions  made  using  a  mean  minus  two  sigma  S/N 
curve  and  individual  experimental  data  points,  shows  that  the  ratio  distribution  shifts 
significantly  to  the  conservative  (right)  side  of  unity.  This  reflects  the  fact  that  most  of 
the  specimens  should  not,  and  do  not,  fail  at  their  predicted  (design)  fatigue  life.  Again, 
only  a  few  individual  specimens,  out  of  over  one  hundred,  are  below  unity  indicating  that 
a  few  failures  would  have  occurred  in  service. 
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Overall,  the  methodology  for  cumulative  damage  calculations  under  random  loads 
tends  to  work  well  and  provides  reasonably  accurate  fatigue  life  predictions.  Further,  the 
use  of  this  methodology  for  design,  using  a  mean  minus  two  standard  deviation  S/N 
curve  tends  to  perform  equally  as  well. 
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Configuration 

1  T~ 

#1  HSLA  Bending  7/16" 


#2  HSLA  1/4"  SYD 


#3  HSLA  Continuous  Cruciform  i 


Act/Pred  Act/Pred 
Mean  Mean-2S 


#4  HSLA  7/16"  SYD 


#6  HSLA  3/4"  SYD 


#7  HSLA  1"  SYD 


#8  HSLA  Discontinuous  Cruciform 


#9  HSLA  Misaligned  Cruciform  _ 

#10  HSLA  Partial  Penetration  Disc.  Crucifer 
#1 1  HSLA  Misaligned  Partial  Penetration  Cr 
#12  HS  Continuous  Cruciform  j 


|#13  HS  Discontinuous  Cruciform 


#14  HS  Misaligned  Cruciform 
#15  OS  Continuous  Cruciform 


#16  OS  Discontinuous  Cruciform  j 

- - - ; - , - ) - 

I  I  ! 

_ _ L. _ I - - - - - 

#17  OS  Misaligned  Cruciform  ; _ 

#1 8  HSLA  &  HS  Conv.  Components  R=0 
#21  HSLA  Conv.  Components  R=-1 


#22  HSLA  Stiffener  Splice _ 1 

#23  HSLA  Opening  Detail  j 
#24  HSLA  Flame  Cut  Edge  } 

#25  HSLA  Insert  Plate  "Good  Weld" 
#26  HSLA  Insert  Plate  "Poor  Weld" 
#27  HSLA  One-Sided  Welds  I 
#28  HSLA  Single  Thickness  Doubled 
#29  HSLA  Double  Thickness  Doubler 
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RMS  T 
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0.31 

1.57 

5 
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0.49 

2.45 

#3  HSLA  Continuous  Cruciform 

s 

5 
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0.91 

2.14 

i— - 

■ 

7.5 

0.94 

j  2.21 

10" 

0.95 

2.24 

10 

1.34 

1  3.15 

j 

- - - 

1 

10 

;  1.76 

4.13 

i  i 

1  1 

10 

0.90 

|  2.12 

- - - ! - — - 

i  | 

i  ! 

15 

|  0.67 

1.58 

4— - — - - - — i - — - - - — 

|  j 

15 

0.81  i  1.90 

H-9 


NSWCCD-65-TR-1 998/23 


NSWCCD-65-TR-1 998/23 


;  j 

1  !  RMS  f 

_ t _ _ _ 

Act/Pred 

Act/Pred 

i  Configuration  1  ! 

Stress 

Mean 

Mean-2S 

- - 1 — — - 

! 

:  _ 

(ksi)  1 

Ratio 

Ratio 

#8  HSLA  Discontinuous  Cruciform  j 

5 

0.62 

2.07" 

- 1 - 1 

- - - | 

i _ _ _ 

5 

0.72 1 

2.43 

5 

0.77 

2.57 

; 

J _ _ 

5 

4.32 

14.51 

1 

1 

7.5~t 

0.73 

2.45 

- - 

7.5l 

1.81 

6.09 

7.5 

2.36 

7.91 

' 

7.5 

1.03 

3.46 

— - - 

10 

0.42 

1.42 

— 

.j 

101 

2.30 

7.72 

- - — 

— 

10 

1.01 

3.40 

!  10 

0.91 

_ — 1 

3.06 

— 

15 

0.98 

3.31 

15 

0.75 

2.52 

15 

1.28 

4.30 

15 

0.93 

3.11 

#9  HSLA  Misaligned  Cruciform 

5 

1.34 

3.81 

j 

5 

0.94 

2.67 

!  ! 

— 

. 

5 

0.37 

1.07 

!  1 

: 

5 

0.49 

1.39 

#10  HSLA  Partial  Penetration  Disc.  Crucifor 

5 

1.66 

3.14 

n  p  j  5 

i  0.73 

1.38 

5 

_ ; _ 

1.48 

!  2.81 

| 

5 

i  0.90 

!  1.71 

#1 1  HSLA  Misaligned  Partial  Penetration  Cr 

5 

0.44 

1.16 

5 

0.50 

!  1.30 

5 

i  0.86 

2.24 

1 

5 

0.81 

2.11 

#12  HS  Continuous  Cruciform 

5 

0.46 

1.24 

!  i  i 

5 

0.59 

1.62 

i 

5 

0.37 

1.00 

I  j 

•  1 

5 

1.04 

2.83 

- - - 1 - j - 

7.5 

1.11 

|  3.02 

|  | 

1 _ Li 

0.65 

1.78 

1 

1  7.5 

1.31 

3.57 

i 

i 

_ M 

0.72 

1.97 

i 

i 

10 

0.76 

i  2.08 

- p — — - 

!  i 

i 

"10 

0.98 

2.67 

J - - - 

H-ll 


NSWCCD-65-TR-1 998/23 


RMS  Act/Pred  i  Act/Pred 

4 - - 1 - i - - i - 

|  Configuration  !  !  Stress  j  Mean  j  Mean-2S 


#16  OS  Discontinuous  Cruciform!  7.5!  1.461  5.94 


H-12 


NSWCCD-65-TR-1 998/23 


i  i 

| 

RMS  | 

Act/Pred  { 

Act/Pred 

i  Configuration 

j 

Stress 

Mean 

Mean-2S 

• - j - ; - I 

iii. 

(ksi)  | 

Ratio 

Ratio 

#18  HSLA  &  HS  Conv.  Components  R=0 

51 

1.83 

5.01 

!  ! 

| 

5t 

17171 

3.22 

i 

-1 

5| 

_ _ _ 

2.481 

6.80 

5j 

1.46 

4.02 

#21  HSLA  Conv.  Components  R= 

:-1 

5i 

_ _ _ _ 

0.54 

1.18 

5! 

0.71 1 

1.54 

5 

0.75 

1.63 

; 

: 

5! 

1.30 

2.84 

- - — 

5 

0.69 

1.50 

7 

1.13 

2.46 

7 

0.72 

1.56” 

' 

• 

7 

0.791 

1.73 

#22  HSLA  Stiffener  Splice 

7.5 

0.69 

1.56 

7.5 

0.43 

0.97 

7.5 

0.581 

1.32 

- - 

7.5 

0.35 

0.78 

10 

0.42 

0.95 

!  to 

0.15 

0.34 

10 

- - - - — 

1.13 

2.55 

10 

0.73 

1.66 

#23  HSLA  Opening  Detail 

5 

1.53 

3.89 

;  5 

|  1.14 

j  2.91 

5 

1.22 

3.11 

1  5 

0.74 

1.88 

#24  HSLA  Flame  Cut  Edge 

!  10 

; _ 

0.68 

1.04 

!  i 

I  10 

0.76 

1.16 

|  i 

10 

|  0.70 

1.07" 

t  ; 

! 

10 

i  0.67 

j - 

1.02 

#25  HSLA  Insert  Plate  "Good  Weld" 

l _ M. 

i  0.56 

1.31 

;  1 

7.5 

|  0.36 

0.84 

i  : 

7.5 

0.65 

1.51 

_ _ _ _ 1 - - — j - 

7.5 

i  1.20 

2.81 

#26  HSLA  Insert  Plate  "Poor  Weld" 

5 

0.59 

0.94 

:  ! 

i 

5 

!  0.91 

1.46 

1  5 

0.71 

1.15 

j - - - 

!  ■ 

| 

!  5 

0.80 

|  1.28 

#27  HSLA  One-Sided  Welds 

10 

0.65 

2.66 

i  i 

10 

1.58 

6.51 

H-13 


NSWCCD-65-TR-1 998/23 


RMS 

Act/Pred 

Act/Pred 

Configuration 

Stress 

Mean 

Mean-2S 

(ksi) 

Ratio 

Ratio 

_ 

10 

0.77 

3.16 

_ , 

... 

10 

0.67 

2.76 

#28  HSLA  Single  Thickness  Doubler 

7.5 

4.54 

43.36 

n 

i 

7.5 

1.12 

10.67 

i 

i 

7.5 

0.40 

3.80 

_ 1 _ 

7.5 

!  0.26! 

2.52 

#29  HSLA  Double  Thickness  Doubler 

7.5 

0.51 ! 

6.61 

7.5 

0.53 

6.78 

7.5 

0.27 

3.43 

H-14 


NSWCCD-65-TR-1 998/23 


Appendix  I 

Fatigue  Strength  Ratio  Comparisons  of  S/N  Curves 


1-1 


NSWCCD-65-TR-1 998/23 


Fatigue  Strength  Ratio  Comparisons  of  S/N  Curves 

This  appendix  serves  two  purposes.  First,  it  allows  one  to  compare  the  fatigue 
strength  between  any  two  structural  details  or  design  code  categories,  given  the  two 
parameters  defining  the  constant  amplitude  S/N  curve  for  each  detail.  Second,  it  allows 
one  to  select  alternative  details  from  a  ranked  list  of  fatigue  strengths.  Both  purposes 
consider  fatigue  strengths  in  low  cycle  (103)  and  high  cycle  (108)  regimes  and  at  50% 
(mean)  and  2.3  %  (mean  minus  two  standard  deviations)  probabilities  of  failure. 

The  fatigue  strength  ratios  between  any  to  details  are  determined  by  substituting 
the  appropriate  S/N  curve  parameters  and  desired  cycle  count  into  the  Rayleigh 
Approximation  equation  and  solving  for  the  root  mean  squared  (rms)  stress. 

f  IqIosM)  N-UB 

This  is  repeated  for  the  other  detail  or  category  of  interest;  then  the  ratio  of  the 
two  strengths  is  calculated.  The  baseline,  or  detail  used  as  the  denominator  in  the  rms 
stress  ratio  calculation  is  listed  in  the  first  column  of  each  ratio  table.  The  detail  or 
category  to  compare  to  the  baseline  is  listed  in  the  first  row  of  each  ratio  table.  To 
compare  the  strengths  of  two  details  in  different  tables,  intermediate  ratios,  using  the 
generic  S/N  curve  (contained  in  each  table),  must  be  determined. 

( 

Only  single  line  S/N  curves  are  used.  Design  codes  that  employ  bi-linear  S/N 
curve  formulations  are  considered  to  be  represented  only  by  the  first  initial  linear  portion, 
ignoring  the  second  portion  associated  with  endurance  limit  effects. 

The  ratio  of  fatigue  strengths  calculated  by  the  Rayleigh  Approximation  formula 
is  used  instead  of  simply  determining  the  stresses  from  the  S/N  curves  because  many  of 
the  details  have  S/N  curve  slopes  of  other  than  negative  three.  This  being  the  case,  the 
Rayleigh  Approximation  formula  better  reflects  the  fatigue  strength  of  the  details  under 
random  (service)  loads  because  the  Gamma  function  is  included.  When  the  two  details 
have  exactly  the  same  S/N  curve  slope,  the  same  results  would  be  obtained  using  the  S/N 
curve  directly,  or  the  Rayleigh  Approximation  formula. 

The  tables  are  organized  as  follows.  Fatigue  strength  ratios  associated  with  the 
NSWC  test  results  are  provided  first  for  50%  probability  of  failure,  and  then  for  2.3% 


1-3 


NS  WCCD-65-TR-1 998/23 


probability  of  failure.  Ratios  associated  with  the  Ship  Structure  Committee  (SSC)  data 
(Munse,  1982)  is  next,  first  for  50%  probability  of  failure  and  then  for  2.3%  probability 
of  failure.  The  Munse  SSC  document  did  not  report  values  of  standard  deviation  for  a 
few  details  #39,  #40,  #54,  #57,  #65,  and  #67.  Without  the  standard  deviation,  the  S/N 
curve  coefficients  associated  with  a  2.3%  probability  of  failure  could  not  be  determined 
To  alleviate  this  problem,  an  average  standard  deviation  value  of  0.62,  calculated  from  all 
the  other  details,  was  used.  Finally,  tables  associated  with  the  various  design  codes  are 
presented,  first  for  50%  probability  of  failure  and  then  for  2.3%  probability  of  failure. 

The  standard  deviations  for  the  AASHTO  S/N  curves  were  obtained  from  a  National 
Cooperative  Highway  Research  report  (NCHR,  1986). 
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Ranking  of  Fatigue  Strength  Ratios 

The  fatigue  strength  ratios  determined  in  Appendix  I  are  useful  to  compare  one 
given  detail  strength  against  another,  whether  the  strength  parameters  originated  from  test 
data  or  design  codes.  However,  it  is  sometimes  useful  to  compare  strengths  of  details  to 
determine  how  they  fit  within  details  defined  by  a  family  of  S/N  curves  typically 
contained  in  design  codes.  To  accommodate  this  need,  specific  strength  ratios  were  taken 
from  the  previous  appendix  and  sorted  to  produce  a  ranking  of  fatigue  strength  ratios 
from  weakest  to  strongest. 

The  relative  ranking  of  the  experimental  and  design  code  fatigue  strengths  was 
performed  using  the  tables  of  RMS  strength  ratios  associated  first  with  a  50%  (mean) 
probability  of  failure,  and  then  with  a  2.3%  (mean  minus  two  sigma)  probability  of 
failure.  At  each  probability  of  failure,  relative  fatigue  strengths  were  considered  in  the 
low  cycle  regime  (103  cycles)  and  in  the  high  cycle  regime  (108  cycles).  The  fatigue 
strengths  used  in  the  rankings  were  established  by  using  the  appropriate  S/N  curve 
coefficients  of  the  experimental  or  design  code  detail,  substituting  the  coefficients  into 
the  Rayleigh  Approximation  formula,  and  determining  the  RMS  stress  associated  with 
the  desired  cycle  count.  Fatigue  strength  ratios  were  then  calculated  using  the  generic 
S/N  curve  parameters  as  the  baseline. 

The  results  of  these  rankings  are  contained  in  this  appendix  are  organized  in  the 
following  manner.  Tables  J-l,  J-2  and  J-3  contain  the  mean  (50%  probability  of  failure) 
strength  ratios  unsorted,  sorted  at  103  cycles  and  sorted  at  108  cycles,  respectively. 
Similarly,  Tables  J-4,  J-5  and  J-6  contain  the  mean  minus  two  sigma  (2.3%  probability  of 
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failure)  strength  ratios  unsorted,  sorted  at  103  cycles  and  sorted  at  108  cycles, 
respectively. 

As  a  specific  application  example  of  this  information  the  body  of  test  data 
provided  in  Appendix  E  is  compared  with  the  AASHTO  design  curve  categories  using 
the  strength  ratios  corresponding  to  the  four  different  combinations  of  cycle  count  (103  or 
108)  and  probability  of  failure  (50%  and  2.3%).  Results  of  this  comparison  are  provided 
in  Table  J-7.  Table  J-8  provides  a  slightly  different  perspective,  categorizing  the 
NSWCCD  details  by  description  rather  than  purely  analytical  ranking.  Although  the 
general  trends  are  evident  with  the  more  severe  details  falling  into  the  lower  categories, 
there  is  not  a  consistent  match  in  every  case.  There  are  many  reasons  for  such  disparity, 
including  differences  in  specimen  size  and  thickness  (AASHTO  based  on  large  thick 
bridge  girder  type  specimens  and  the  NSWCCD  data  based  on  relatively  smaller  and 
thinner  specimens),  the  fact  that  the  AASHTO  S/N  curves  are  forced  to  have  a  slope  of- 
3.0,  as  well  as  effects  of  material,  quality  and  fabrication  procedure.  Such  items  should 
be  kept  in  mind  when  comparing  any  fatigue  data  or  S/N  curves. 

As  a  final,  but  cursory  comparison,  NSWCCD  test  data  from  Appendix  E  are 
plotted  over  each  family  of  the  design  code  (mean  minus  two  sigma)  S/N  curves,  as 
shown  in  Figures  J-l  through  J-4.  Although  no  attempt  has  been  made  to  identify  each 
individual  data  point  with  a  specimen  configuration,  the  test  data  has  been  segregated  into 
“valid”  data  points  (actual  failures  used  to  calculate  S/N  curves)  and  data  points  that 
exist,  but  were  not  used  in  analyses  (runouts  and  specimen  failures  contained  within 
stress  levels  which  also  contain  runouts).  Since  the  design  code  S/N  curves  represent 
2.3%  probability  of  failure,  test  data  falling  above  a  particular  curve  could  be  represented 
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by  that  curve.  From  these  plots,  the  most  severe  S/N  curve  from  any  of  the  design  codes 
can  be  identified  that  encompasses  all  the  NSWCCD  data.  For  example,  it  can  be  seen 
that  most  of  the  data  (regardless  of  actual  configuration)  can  be  represented  by  an 
AASHTO  category  E  detail,  and  that  all  the  test  data  (regardless  of  configuration)  can  be 
represented  by  a  category  E’  detail.  Category  E  details  include  welded  steel 
configurations  that  contain  load-carrying  attachments,  weld  terminations  and 
interruptions,  misalignments  and  weld  defects.  Category  E’  details  contain  slightly  more 
severe  attributes  of  Category  E  configurations. 
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Figure  J-l  -  NSWC  Fatigue  Data  vs  AASHTO  (m-2s) 
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Figure  J-2  -  NSWC  Fatigue  Data  vs  BS5400  (m-2s) 
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Figure  J-3  -  NSWC  Fatigue  Data  vs  DnV  (m-2s) 
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Figure  J-4  -  NSWC  Fatigue  Data  vs  Eurocode  (m-2s) 
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BS5400  #8  BS5400  S/N  CURVE:  B  Parent  plate,  as  welded  10.447  11.651  -4.000  0.182  0.67  1.76 

BS5400  #9  BS5400  S/N  CURVE:  S  Shear  connectors  in  concrete  13.205  15.614  -8.000  0.504  0.14  1.53 

DNV #1  DnVS/N  CURVE:  B  base  plate  or  dressed  welds  10.449  11.653  -4.000  0.182  0.67  1.76 

DNV  #2  DnV  S/N  CURVE:  C  Flame  cut  edge  or  cont.  butt  &  fillet  welds  9.639  10.692  -3.500  0.204  0.76  1.31 
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Table  J-7  -  Comparison  of  NSWCCD  Data  with  AASHTO  Curves 


AASHTO 

Mean 

Mean 

Mean-2S 

Mean-2S 

Category 

10A3 

10A8 

10A3 

10A8 

#1  CC  Bending 

#1  CC  Bending 

#25  Insert  (Good) 

#25  Insert  (Good) 

#14  HS  MC 

#12  HS  CC 

#24  Flame  Cut 

#14  HS  MC 

#12  HS  CC 

#24  Flame  Cut 

#22  Stiff  Splice 

A 

A 

A 

A 

A 

#22  Siff  Splice 

#15  OS  CC 

#2  1/4"  CC  Syd 

#4  HSA  CC  Syd 

#15  OS  CC 

#2  1/4"  CC  Syd 

#4  HSLA  CC  Syd 

#5  HSA  CC  N&Syd 

#27  One-sided  Weld 

#19  Sniped  Comp 

#16  OS  DC 
#5  HSLA  CC  N&Syd 

#27  One-sided  Weld 

B 

B 

B 

B 

B 

#3  HSLA  CC 
#19  Sniped  Comp 

#29  Double  T  Doubler 

#8  HSLA  DC 

#27  One-sided  Weld 

#13  HS  DC 

#3  HSLA  CC 

#17  OS  MC 

#17  OS  MC 

#24  Flame  Cut 

#21  HSLA  Comp  R=-1 

#16  OS  DC 

#1  CC  Bending 

#26  Insert  (Poor) 

#26  Insert  (Poor) 

#8  HSLA  DC 

#9  HSLAMC 

#3  HSA  CC 

#21  HSLA  Comp  R=-1 

#20  Intercostal  Comp 

#21  HSA  Comp  R=-1 

#7  HSLA  1"  Syd 

#28  Single  T  Doubler 

#20  Intercostal  Comp 

#28  Single  T  Doubler 

#18  HSLA  &  HS  Comp 

#13  HS  DC 

#10  HSLA  PP  DC 

#6  HSLA  3/4"  Syd 

#24  Flame  Cut 

#8  HSA  DC 

#5  HSLA  CC  N&Syd 

#29  Double  T  Doubler 

#7  HSA  1"  Syd 

#9  HSA  MC 

C 

C 

C 

C 

C 

#3  HSLA  CC 

#27  One-sided  Weld 

#21  HSLA  Comp  R=-1 

#13  HS  DC 

#10  HSLA  PP  DC 

#6  HSLA  3/4"  Syd 

#1  CC  Bending 

#4  HSLA  CC  Syd 

#5  HSIA  CC  N&Syd 

#18  HSLA  &  HS  Comp 

#8  HS  A  DC 

#18  HSA  &  HS  Comp 

#16  OS  DC 

#23  Opening  Detail 

#6  HS  A  3/4"  Syd 

#6  HSA  3/4"  Syd 

D 

D 

D 

D 

D 

#4  HS  A  CC  Syd 
#13  HS  DC 

#15  OS  CC 

#18  HSA  &  HS  Comp 

#2  1/4"  CC  Syd 

#15  OS  CC 

#23  Opening  Detail 

#22  Stiff  Splice 

#7  HSLA  1"  Syd 

#22  Stiff  Splice 

#7  HSA  1"  Syd 

#12  HS  CC 

#11  HSLA  PP  MC 

#16  OS  DC 

#28  Single  T  Doubler 

E 

E 

E 

E 

E 

#25  Insert  (Good) 

#19  Sniped  Comp 

#29  Double  T  Doubler 

#23  Opening  Detail 

#12  HS  CC 

#26  Insert  (Poor) 

#2  1/4"  CC  Syd 

#9  HSLA  MC 

#28  Single  T  Doubler 

#11  HSLA  PP  MC 

#25  Insert  (Good) 

#20  Intercostal  Comp 

#19  Sniped  Comp 

#11  HSA  PP  MC 

#17  OS  MC 

#26  Insert  (Poor) 

#10  HSA  PP  DC 

#14  HS  MC 

#10  HSLA  PP  DC 

#23  Opening  Detail 

#29  Double  T  Doubler 

E* 

E' 

E' 

#9  HSA  MC 
#20  Intercostal  Comp 
#11  HSA  PP  MC 
#17  OS  MC 
#14  HS  MC 
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Table  J-8  -  Categorization  of  NSWCCD  Details  with  AASHTO  Categories 
Detail  Category  NSWCCD 

Base  metal,  rolled  shapes,  A 

machined  ground  flame  cut  edges 


Continuous  longitudinal  fillet  welds  B 

Flush  ground  butt  welds 

Transverse  butt  welds  (inspected)  C 

uninspected  butt  welds  D 

with  permanent  backing  bar  D 

Transverse  butt  joint  with  plates  of 
unequal  thickness  and  ... 

transition  >=  2.5:1  C 

transition  <  2.5:1  D 


#27 


#22 

#25 


Non-load  carrying  attachment 

shorter  than  2"  C 

between  2"  and  4"  long  D 

longer  than  4"  and  <  1 "  thick  E 
longer  than  4"  and  >=  1 "  thi  E' 


#18, #21 
#28 
#29 


Cruciform  joint 

loaded  member  continuous  C  #2,  #3,  #4,  #5,  #6,  #7,#12,#15 

loaded  member  discontinuo  C  #8,#13,#16,#20 

Flame  cut  edge  C  #24 


Transverse  frame  or  floor  at 
shell  or  deck 


D  #19 


Rat  hole 

<  4"  long 
>=  4“  long 


Load  carrying  attachment  <  1 "  thick 
<1"  thick 
>=1"  thick 


Weld  terminations/interuptions 
intermittent  welds 
weld  overlaps 
welds  with  defects 
misalignments 


D 

E 


E 

E' 


E 

E  #23 

E  #10, #26 

E  #9,#1 1,#14,#17 
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Appendix  K 

Thickness  and  Misalignment  Effects  on  Fatigue  Strength 
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Thickness  and  Misalignment  Effects  on  Fatigue  Strength 

Values  of  thickness  and  out-of-plane  misalignment  can  often  be  different  for 
actual  structures  than  they  are  for  test  specimens  used  to  generate  the  fatigue  design  S/N 
curve.  One  way  to  account  for  these  effects  is  to  adjust  the  S/N  curve  to  reflect  the 
change  in  stress  concentration. 

Thickness  effects  can  be  addressed  through  the  use  of  the  following  formula 
(Maddox,  1991).  This  formula  was  evaluated  (Kihl  et  al,  1997)  and  found  to  account  for 
the  change  in  fatigue  strength  reasonably  well. 


If  the  thickness  of  a  particular  detail  is  different  from  the  thickness  of  the  detail 
tested,  the  effect  of  this  change  on  fatigue  strength  can  be  quantified  using  the  following 
example  as  a  guide.  Consider  the  conventional  component  data  at  R=-l,  Detail  #21,  and 
the  effect  of  increasing  the  thickness  by  a  factor  of  three.  The  nominal  thicknesses  of  the 
test  components  ranged  from  3/16”  for  the  plate  and  web  to  1/4”  for  the  flange.  If  these 
thicknesses  were  increased  by  a  factor  of  three,  the  equation  above  become 
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The  mean  minus  two  sigma  S/N  curve  for  the  “thin”  (reference)  components  is  of 
the  following  form  with  log(A)=9.089  and  B=-3.230  in  terms  of  stress  amplitude  in  ksi. 

N  =  lO9  089^}230 

Therefore,  the  mean  minus  two  sigma  S/N  curve,  in  terms  of  stress  amplitude,  for 
the  “thick”  components  would  be 


iV  =  109089(1.3165;f30) 

_  i  q8.704  g-3.230 


The  generic  S/N  curve  is  defined  by  coefficients  log(A)=9.000  and  B=-3,  in  terms 
of  stress  amplitude.  The  Rayleigh  Approximation  equation  is  rewritten  in  terms  of  the 
RMS  stress,  a,  so  the  fatigue  strength  corresponding  to  a  given  number  of  cycles  can  be 
determined. 


N  = 
or 


J0log(/f) 

2~fl/2cr-Br(l  -  5/2) 


a  - 


f 


1  Qlog(^) 


\-l  IB 


\TBI2T(\.-BI2)N  J 


Substituting  both  the  “thick”  component  S/N  curve  coefficients  and  the  generic 
(baseline)  S/N  curve  coefficients  into  the  Rayleigh  Approximation  equation  results  in 
fatigue  strength  ratios  of  0.572  (a  24%  decrease  from  0.753  for  the  “thin”  case)  at  103 
cycles  and  0.752  (a  24%  decrease  from  0.990  for  the  “thin”  case)  at  108  cycles. 

It  is  interesting  to  compare  these  results  with  the  S/N  curves  from  one  of  the 
design  codes.  For  example,  the  “thin”  components  would  be  classified  as  an  AASHTO 
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Category  D  detail  in  the  low  cycle  regime,  and  a  Category  C  detail  in  the  high  cycle 
regime.  However,  the  “thick”  components  now  reduce  the  fatigue  strength  to  the  point 
where  they  now  are  classified  as  a  Category  E  detail  in  the  low  cycle  regime,  and  a 
Category  D  in  the  high  cycle  regime. 

Fatigue  strength  reductions  due  to  simple  misalignments  can  also  be  determined 
in  much  the  same  way  as  the  changes  in  thickness.  Stress  concentration  factors  for 
misalignments  in  full  penetration  butt  and  cruciform  welds  can  be  determined  from  the 
following  equation  (Maddox,  1991). 


SCF  =  1  + 


6e 


1+1 '2/ 


1.5 


In  this  equation,  “e”  represents  the  eccentricity  due  to  the  misalignment  and  is 
measured  between  the  mid-fibers  of  each  plate;  ‘V’  is  the  thickness  of  the  thinner  plate, 
and  “t2”  is  the  thickness  of  the  thicker  plate.  It  should  be  noted  that  another  form  of  this 
equation  is  also  available  (ABS,  1991),  but  the  form  given  above  is  slightly  more 
conservative  in  that  it  results  in  a  slightly  higher  stress  concentration  factor. 

If  one  considers  the  effect  of  equal  thickness  plates  welded  together,  but  offset  by 
half  the  thickness,  the  stress  concentration  factor  can  be  determined  as  2.5.  An  aligned 
specimen  (Detail  #8)  with  the  following  mean  S/N  curve  (log(A)=9.601  and  B=-3.307)  in 
terms  of  stress  amplitude  could  be  modified  to  account  for  the  effect  of  the  misalignment 


jv  =  io9-601s-3-307 


considered  above. 
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Applying  the  stress  concentration  factor  due  to  the  misalignment  results  in  the 
following  S/N  curve. 

N  =  109601(2.5 S')"3  307  =  108  2855-3307 

The  same  stress,  S,  applied  to  the  misaligned  joint  could  now  be  analyzed  using 
the  modified  S/N  curve  (log(A)=8.285  and  B=-3.307).  The  coefficients  obtained  above, 
when  substituted  into  the  Rayleigh  Approximation  formula,  result  in  fatigue  strength 
ratios  (again  using  the  generic  S/N  curve  as  a  baseline  for  comparison)  of  0.39  for  the 
low  cycle  (10  cycle)  regime  and  0.55  for  the  high  cycle  (10  cycle)  regime.  Detail  #9,  a 
cruciform  shaped  joint  actually  misaligned  by  half  the  thickness  and  tested,  had  produced 
fatigue  strength  ratios  of  0.47  for  low  cycle  and  1.18  for  high  cycle.  Although 
application  of  the  SCF  formula  above  produces  a  similar  fatigue  strength  ratio  in  the  low 
cycle  regime,  the  predictions  are  quite  conservative  in  the  high  cycle  regime.  Similar 
results  are  obtained  using  data  from  Details  #13,  #14,  #16  and  #17.  The  fatigue  behavior 
is  not  entirely  accounted  for  by  simply  applying  a  stress  concentration  factor.  In  reality, 
both  S/N  curve  coefficients  appear  to  be  affected  by  the  misalignment.  A  misalignment 
correction  algorithm  better  than  that  given  above  has  not  yet  been  established,  however 
the  one  provided  at  least  appears  to  be  conservative,  if  not  accurate,  when  applied  to 
available  test  data. 
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